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i 
SYNOPSIS 
This investigation was prompted by a study into the feasibility of treating an apple 
juicing waste water in an upflow anaerobic sludge bed (UASB) reactor system. Past 
experience with this system suggested that a pelletized sludge would be produced due 
fo the nature of the waste water. This indeed was observed but the system exhibited 
an unusual feature, a high removal of nitrogen far in excess of that normally found in 
normal anaerobic processes. This observation stimulated a far reaching investigation 
into, the behaviour of the pelletized sludge bed, the causes ·giving rise to 
pelletization, a biochemical model explaining pellet formation, verification of the 
biochemical model, criteria for pellet formation, pH control in the pelletized sludge 
bed, and a kinetic model for the UASB process. 
Feasibility study. 
The apple juicing waste water was about 99 per cent soluble, consisted principally of 
sugars, was acidic (pH 4,5 to 5,5) and deficient in nitrogen and phosphorus. Trace 
elements and macro nutrients were added to give an influent COD:N:P ratio of 
approximately 100:4:1. 
The UASB system performance was evaluated at two temperatures, 25 and 30° C. 
the maximum COD loadings achieved were 10 and 15 kgCOD/m3 reactor/d (i.e. 30 
and 45 kgCOD/m3 sludge bed volume/d respectively) at 25 and 30° C respectively. 
The influent COD concentration, at both temperatures, was about 2500 mg/l 
Pelletization was observed at both temperatures. The pelletization process started 
when the loading was about 5 kgCOD/m3 reactor/din both cases and once started, 
was very rapid - over a period of six to seven days roughly half the sludge bed was 
transformed into pellets. 
A significant observation was that once pelletization commenced there was a 
substantial removal of free and saline ammonia (NH3-N), about 8 to 10 times higher 
than that observed in completely mixed anaerobic systems. 
Product formation 
The high removal of NH3-N by the pelletized sludge motivated an enquiry into the 
behaviour of the pelletized sludge bed. From visual observations the pellets showed 
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only slight movement with time, from which it was concluded that the flow in the 
bed approached a plug flow regime. Accordingly product formation was measured at 
discrete points along the axis of the reactor. The following parameters were 
measured: short chain fatty acids (SCFA), soluble COD, TKN, NH 3-N, alkalinity 
and pH. From the concentration profiles three zones of behaviour were identified: 
• A lower active zone in which the concentrations of the SCF A's, propionate and 
acetate, increased to maxima, soluble COD reduced to about half its influent 
value, NH 3-N reduced to a minimum, organic nitrogen (orgN) increased to a 
maximum and alkalinity and pH declined to minimum values. From the 
bioch~mistry of fermentation processes the increasing concentration of propionate 
implied that this was a zone of high hydrogen partial pressure. 
• An upper active zone in which the propionate and acetate concentrations 
decreased to minima, soluble COD decreased to a near minimum, NH 3-N 
remained near constant, orgN decreased to a minimum, alkalinity increased to 
near its value in the influent and pH increased to a stable value. The decreasing 
concentration of propionate indicated that this was a zone of low hydrogen 
partial pressure. 
• An upper inactive zone in which no observable biokinetic activity was present. 
) 
The pellet size decreased from the bottom to the top of the sludge bed. Fine volatile 
solids, apparently from pellet break up, were continuously discharged from the top of 
the bed to the suspended sludge blanket above the bed. It was concluded that pellet 
growth took place in the bottom zone(s) of the sludge bed and pellet break up in the 
I 
higher wnes. 
In order to obtain more information on the pellet formation-break up, a two-in-series 
UASB reactor system was set up with the first reactor having a bed volume equal to 
the lower active zone of a single UASB system. The first reactor immediately 
showed pellet generation with virtually no fines, whereas in the reactor containing 
the upper active and inactive zones, pellet break up took place with substantial fines 
production. The specific pellet yield in the first reactor was estimated to be about 
0,4 mgVSS/mgCOD removed - a value close to that for aerobic growth. In addition 
to the high specific pellet production, the first reactor also exhibited features not 
observed in •normal• anaerobic systems, viz: 
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• Low COD/VSS ratio for the pelletized sludge of 1,23 against •normal' of 1,42 
mgCOD/mgVSS for anaerobic processes. 
• High removal of NH 3-N. 
• High production of orgN. 
Biochemical model 
The high production of orgN was particularly perplexing; either the orgN arose from 
the death of organisms or was generated in the growth process. Death was an 
unlikely cause because the rate of orgN production would have required an excessive 
death rate yet no inert debris was produced; the alternative was that the orgN was 
a product of the growth process. 
From a literature survey, the characteristics of one species appeared to be directly 
relevant - a methanogen, Methanobacterium strain AZ (M. Strain AZ), now 
classified as Methanobrevibacter arboriphilus. Essentially the species utilizes 
hydrogen as sole energy source and can produce its amino acid requirements with the 
exception of the sulphur containing amino acid, cysteine - an external cysteine 
source is necessary for growth. In a hydrogen rich environment, with an adequate 
supply of NH 3-N and cysteine limitation, the species in pure culture secretes high 
concentrations of amino acids ( orgN) to the surrounding medium. These 
characteristics provided a basis for an hypothesis on pellet formation: 
When the M. Strain AZ is surrounded by excess substrate i.e. high H2 partial 
pressure, the ATP/ ADP ratio will be high. ~imultaneously the high ATP level 
will stimulate amino acid production and cell growth. However, because 
M. Strain AZ cannot manufacture the essential amino acid cysteine, cell 
synthesis will be limited by the rate of cysteine supply. If free and saline 
ammonia is present in excess there will be an over-production of the other amino 
acids; the organism reacts to this situation by releasing some of these excess 
amino acids to the surrounding medium and linking the balance of the excess 
amino acids in polypeptide chains which it stores extracellularly by extrusion 
from active sites. These polypeptide chains bind the species and other organisms 
into clusters forming a separate microbiological environment - the so-called 
biopellets. 
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Using the mass ratios of the three major amino acids released in pure culture studies, 
calculations indicated that the observed TKN /COD and COD /VSS ratios of the 
pellets could be satisfied only if about 90 per cent of the pellet mass consisted of 
polypeptide polymer. 
Hypothesis verification 
The hypothesis was tested against the following implications: 
• Pellet formation shov.ld be confined to the high hydrogen partial pressure region: 
In a UASB system treating a carbohydrate waste water, a high hydrogen partial 
pressure (high pH2) zone develops within the lower active zone due to the 
breakdown of carbohydrates to SCF A by acidogenesis. The high pH2 (> 
10-4,latm) zone extends up to the level where the propionic acid concentration 
reaches a peak. The UASB reactor was divided into two in series reactors with 
the first reactor equal in volume to that constituting the high pH2 zone. In the 
high pH2 zone pellet growth was observed, together with a high generation of 
soluble organic nitrogen; in the low pH2 zone pellet break up occurred. 
• Addition of cysteine should reduce pellet formation: In terms of the behaviour 
pattern of M. Strain AZ if cysteine is supplied in trace concentration polypeptide 
formation should decrease. This was tested by supplementing the influent to the 
high pH2 reactor with a trace concentration of cysteine - immediately (within 
24h) there was a reduction in the specific pellet yield, of about 50 per cent. 
• Pellets are generated from the substrate: In the literature, presence of a polymer 
matrix had been observed in the pellets, however, its origin(s) was/were not 
identified; one investigator ascribed its presence to polymer present in the 
influent, incorporated in the pellets by an agglutination process. To ascertain 
unambiguously the origin of the pellet polymer, a non-polymer defined 
carbohydrate substrate - glucose, was tested. Excellent pellet formation was 
observed in the U ASB system. 
• Limitation of NH3-N in influent should reduce pellet formation: With glucose as 
substrate, a detailed enquiry was initiated into the biochemical reactions taking 
place in the lower active zone (because the biochemical fermentation pathways of 
glucose are well established). A UASB system with bed volume limited to 
constitute only the lower active (high pH2) zone was set up. From mass balance 
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considerations the gross specific yield (organism + polymer) of the 
hydrogenotrophs was determined to be between 0,21 and 0,24 mgVSS/mgCOD 
(H2) or expressed differently 0,4 to 0,5 mgVSS/mgCOD removed. Reducing the 
NH 3-N in the influent from an excess amount to slightly more than that 
required for cell synthesis, resulted in a decrease in the overall gross specific 
pellet yield from 0,52 to 0,11 mgVSS/mgCOD removed. From mass balance 
calculations it was concluded that at the lower yield of 0,11 mgVSS/mgCOD 
removed, virtually no VSS was generated by the hydrogenotrophs; this was 
supported by further mass balance calculations which indicated that there was 
no uptake of hydrogen by the hydrogenotroph M. Strain AZ. Their decreased 
activity was ascribed to the intracellular high ATP/ ADP level within the species 
(due to high H2 substrate concentration) which the species cannot decrease, 
through the generation of amino acids and polypeptides, when NH 3-N is 
limiting; accordingly the H2 will leave the high pH2 as gas. 
Criteria for pellet formation and their verification 
From the hypothesis (and the verification tests above), conditions necessary for 
·pellet formation could be set out: 
• An environment with a high pH2. 
• A nitrogen source, in the free and saline ammonia form, well in excess of the 
metabolic requirement of the organisms. 
• A limited source of cysteine either from the feed or becoming available from the 
action (e.g. death) of other organisms, and 
• A near neutral pH. 
The following situations were identified under which one could expect pelletization or 
not: 
(1) Pelletization in systems where the substrate yields hydrogen and the 
operation allows a zone of high H2 partial pressure build-up, e.g. 
carbohydrates and proteins in plug flow reactors. H the nitrogen source is 
less than about 0,0186 mg(NH 3 -N)/mg influent COD the mass of pellets 
generated per influent COD will be reduced accordingly. 
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(2) No pelletization in systems where the influent substrate does not yield 
hydrogen in the fermentation process, e.g. acetate as sole substrate. 
(3) No pelletization in systems where the substrate yields hydrogen but in order 
to obtain complete conversion to methane, operation requires a low hydrogen 
partial pressure, e.g. carbohydrates and proteins in completely mixed 
reactors. 
(4) Limited pelletization where the substrate can generate a high pH 2 but some 
of the H2 generated is preferentially utilized by other organisms such as 
sulphate-reducers. 
(5) No pelletization in systems where the influent substrate can be broken down 
only under low H2 partial pressure conditions, e.g. propionate and lipids. 
With regard to (1) this study and others have demonstrated that pelletization takes 
place in a UASB system receiving carbohydrate substrates with excess nitrogen. 
_With limited nitrogen this study showed that pellet production was also limited. 
With regard to (2) the literature reports no pelletization in UASB systems with 
acetate only as substrate even if nitrogen is present in excess in the influent. 
With regard to (3) there is no report on pelletization in completely mixed reactors. 
With regard to (4) this was verified in a study on a UASB system with glucose as 
substrate ~d sulphate (SOi-) ions added to the influent feed. Pellet formation was 
reduced. Sulphate reducers appeared to utilize hydrogen preferentially thereby 
reducing pH2 and hence limiting pelletization. As SOi- concentration increased in 
the influent from trace to excess, decreases were observed in (1) NH 3-N uptake, (2) 
orgN generation, (3) pellet size, from 2-3 mm to 1-2 mm, (4) nett pellet yield, to 1/5 
of the yield at trace SOi- concentrations; the reduced yield, remained constant 
when the SOi- supplementation increased above some fixed value. 
With regard to (5) a UASB system was studied with oleic acid as substrate: 
Pelletization did not take place; the three characteristic zones did not develop in the 
sludge bed; both NH 3-N uptake and orgN generation were low and only acetate was 
detected. With oleic acid as substrate the sludge bed was well defined but of a 
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gelatinous nature. 
pH control 
Maintenance of a pH > 6,6 at all points in the profile is crucial to maintaining the 
UASB reactor efficiency. One aspect that became very clear in the study on UASB 
system behaviour was its high alkalinity requirement to ensure that the minimum 
pH, in the pH profile in the sludge bed did not decline below 6,6. By trial a 
minimum alkalinity requirement of about 1,6 mg alkalinity as CaC0 3/mg influent 
COD was found to be adequate. In full scale systems such an alkalinity requirement 
would be substantial and an important factor in operational costs. 
The high alkalinity requirement prompted enquiry into operational procedures to 
reduce this requirement: In passing up the bed there is an alkalinity loss in the 
lower active wne but this alkalinity is recovered in the upper zones so that only a 
small nett alkalinity loss from influent to effiuent is observed. Thus, in effect any 
alkalinity added in the influent is wasted in the effiuent. 
Conceptually the alkalinity in the effiuent can be recovered partially by instituting a 
recycle from the effiuent to the influent. In this way the alkalinity per influent COD 
is increased and accordingly alkalinity supplementation to the influent can be 
reduced. However no detailed information was available on the effect of a recycle on 
the pelletization and performance of a UASB system. Accordingly, a study was 
initiated to determine the effects of recycle on alkalinity requirements, maximum 
loadings and process performance. The following findings were obtained: 
• The minimum alkalinity supplementation for a carbohydrate waste with zero/ 
alkalinity,in a flow through system, should not be less than about 1,2 mg 
alkalinity (as CaC0 3)/mg influent COD. 
• With a recycle, alkalinity supplementation is reduced to a value given by 
1,2 ·flow/ (flow + recycle flow). 
• Provided the COD loading rate is less than the peak, a recycle does not appear 
to influence adversely either pellet formation or system performance. 
Design 
From the information gathered on systems behaviour on flow-through systems and 
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systems with a recycle, the following design guidelines are suggested: 
• UASB system will produce pelletized sludge only with substrates that contain a 
significant fraction of carbohydrates or proteinaceous materials. Where short 
chain fatty acids, acetate, propionate, butyrate and higher dominate, 
pelletization either will be poor or not occur at all. Substrate containing fats 
and oils will not give rise to pelletized systems. 
• Tentatively the maximum loading a system without recycle can sustain should 
be determined with influent COD between 2000 and 5000 mg/ l. If the influent 
waste water has a higher influent COD, a recycle should be imposed such that 
the COD concentration of the combined flow {base + recycle) is within the 
above range. 
• Alkalinity supplementation should be calculated accepting that 1,2 mg alkalinity 
(as CaC0 3)/mg influent COD is required; if a recycle is imposed this alkalinity 
requirement can be reduced by multiplying by the fraction, {flow)/{flow + 
recycle flow). 
• The design loading should be lower than the peak loading determined 
experimentally; about half the peak loading. For example with the apple juicing 
waste water at 30° C the peak loading was about 45 kgCOD/m3 sludge bed 
volume/d (i.e. 15 kgCOD/m3 reactor volume/d), giving an operating loading of~ 
22 kgCOD/m3 sludge bed volume/d. Tentatively a minimum pelletized sludge 
volume provision in the reactor should be about 0,03 m3/kg COD influent. 
Kinetic model 
From the data on product formation in the pelletized bed it was possible to identify 
the· key product and the processes associated with the various compounds produced. 
With glucose as substrate, 11 compounds and 12 processes were identified. 
Stoichiometric and kinetic constants for the biologically mediated processes 
(acidogenesis, acetogenesis, and methanogenesis from acetate and hydrogen) were 
obtained either from the literature or this study. The constants for only 3 processes 
had to be found by calibration, i.e. curve fitting. 
Simulation of the system behaviour at COD loadings below the maximum gave good 
correlation for COD, SCF A, orgN and NH3-N profiles for the flow through system. 
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For the system with a recycle the experimental response indicated better 
performance than the simulated response; this appears to be due to pellet debris in 
the recycle. The model accepts debris as inert but there are indications that the 
debris is biologically active - this aspect however is not included in the model. 
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CHAPTER 1 
INTRODUCTION 
Production of fruit juices is an important agricultural based industry in the Western 
Cape Province of South Africa. Of the many juices produced, apple juice constitutes 
the major fraction. 
The location of the processing plants in most instances is near or within the apple 
growing areas. Treatment of the waste waters from these plants, located in the 
agricultural areas, usually is of an elementary nature, principally by 
anaerobic/aerobic stabilization pond systems. The effluent quality from these 
systems tends to be unpredictable and often very poor due to inadequate designs or 
low level of operational supervision. In some instances, for example, where the 
plants are located above water storage dams, pressure has been exerted on the plant 
management to discharge a treated effluent of more consistent and higher quality. 
As a consequence there have been requests from the industry to suggest improved 
system(s) of treatment appropriate to the situation within which the industry 
operates - systems that are simple to maintain and operate as technical supervision 
and interest in maintaining and operating the plant are likely to be minimal. 
Characteristics of the wastewater from apple juice production, are as follows: 
(1) Principal constituents; sugars such as glucose, fructose and sucrose. 
(2) Upwards of 95 per cent soluble. 
(3) COD relatively low, fluctuating between 1500 and 4500 mg/ l 
(4) Waste water flow seasonal, starting late in the year and ending about July 
the following year. 
Experience in the Western Cape would indicate that the most appropriate treatment 
method for agricultural wastes is one based on anaerobic digestion. Anaerobic 
digestion has a long history of application in the Western Cape, in the treatment of 
waste waters from agriculturally-based industries, principally from wine distilleries 
and glucose/starch manufacture.· Both industries produce waste waters that are 
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virtually totally soluble. The wine industry in particular operates under 
circumstances similar to those in the fruit juice industries - seasonal operation with 
a relatively low level of operational control. Anaerobic systems that have been 
developed to deal with these wastes are the reversed-flow clarigester and the 
anaerobic contact systems. Mixing in the reversed-flow clarigester is from 
gasification and the mixing is not well defined but appears to tend towards a plug 
flow regime. Mixing in the contact process is by mechanical stirring and the mixing 
tends towards a completely mixed regime. 
A reversed-flow clarigester had been installed to treat a glucose/starch waste water 
with an influent COD concentration of approximately 7 000 mg/ l. This system 
operated successfully for many years, since about 1962, under a very low level of 
supervision. The sludge generated in the system was of a granular nature with good 
settling properties. 
Reversed-flow clarigesters had also been tested to treat wine distillery waste waters 
(average influent COD ::: 20 000 mg/{). Although an explicit statement in the 
literature could not be found, it seems that the operation of the system was not 
successful. The system was modified into a contact-type anaerobic system: a mixer 
was installed in the digester compartment to improve contact between substrate and 
sludge; also a recycle stream of the mixed liquor from the upper part Of the reactor 
to the bottom influent point. The performance of the modified system was 
satisfactory but the sludge generated was filamentous and settled poorly. To provide 
adequate settling, the clarigester design was replaced by a system consisting of a 
contact anaerobic reactor discharging to a separate secondary settling tank. 
In evaluating the anaerobic contact system for application to fruit juicing waste 
waters, a significant difference between the apple juicing waste and the wine 
distillery waste is that the COD of wine distillery waste is approximately 20 000 
mg/ l. Experience on completely mixed anaerobic contact laboratory-scale units at 
the University of Cape Town, treating influent - concentrations of less than 5000 
mg/ l, indicated that with respect to· the flow, the settling tanks for low 
concentration wastes needed to be disproportionately larger with regard to the flow 
than for high concentration wastes in order "to maintain a low concentration of VSS 
in the effluent. If this was not done the mass loss of sludge in the low influent COD 
I 
waste system could become so high that the sludge age was reduced below that 
needed for stable operation. Indeed for the low strength wastes, for the same COD 
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mass loading per day, the VSS in the effluent needed to be less than that for the 
high strength wastes as the flow per COD is larger and the sludge loss accordingly 
higher. It was concluded that for the treatment of the low strength apple juice waste 
water, the completely mixed -anaerobic type systems were likely to give rise to 
difficulties in operation. 
An alternative system examined was the upflow anaerobic filter. Experimental 
investigations into upflow anaerobic filter systems at the University of Cape Town 
on laboratory and pilot scale systems treating wine distillery and glucose/starch 
waste waters, showed that the upflow _filter system is feasible but has the following 
drawbacks: (1) It requires a relatively high recycle ratio from the effluent to the 
influent otherwise the pH at the bottom of the upflow reactor was reduced to such 
low values that the anaerobic process commenced to fail at the bottom, the failure 
zone spreading up through the reactor; alternatively high alkalinity dosage was 
required to limit the pH decline, and (2) the voids between the packing material 
tended to plug up causing channeling. 
A third group of systems examined were the •new• generation of anaerobic digestion 
systems such as the upflow anaerobic sludge bed (UASB) and the anaerobic film 
expanded bed (AAFEB) systems. 
The UASB system has found extensive application in the Netherlands for the 
treatment of agricultural and industrial waste waters such as sugar beet, potato 
processing, corn starch, distillery and slaughter house. With certain types of waste 
waters a pelletized form of sludge has been reported which settles readily into a bed. 
Very high sludge concentration in the reactor has been observed, in excess of 100 
kg/m3. 
In the AAFEB system the biological mass is attached to a support medium (e.g. 
sand) and the medium/biological particles are kept in suspension by recycling the 
clear liquid above the bed to the influent. 
Over the past decade there has been an increasing interest in the UASB and AAFEB 
systems. These have found application principally in the treatment of medium to 
high strength industrial and agricultural wastes, of an essentially soluble nature. 
The UASB and AAFEB systems appear to provide a solution for the problem with 
the reversed-flow clarigester and anaerobic contact processes, namely, retention of 
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the sludge within the system without having to resort to low sludge concentrations 
necessitating large reactor volumes and settlers. With these two systems high 
density and good settling properties of the sludges have allowed high throughput of 
the waste waters. Hydraulic retention time as short as 1,5 to 2 hours for low 
strength influents of about 1500 mgCOD / i has been reported. 
In South Africa the U ASB and AAFEB systems per se have received relatively little 
or no attention either at laboratory, pilot or full scale level. Although the 
reversed-flow clarigester without mechanical mixing probably is very similar in 
operation as that in the UASB system, however, its success in treating 
glucose/starch waste and its failure to treat the wine distillery waste indicated that 
the U ASB system may not necessarily be successful in treating the apple juicing 
waste. In order to assist making a choice as to which of the two systems merited 
detailed investigat1on, an exploratory study at laboratory scale was inaugurated into 
each system, following the directives as set out in the literature. 
Great difficulties were experienced in starting up the AAFEB system; after 6 
months the system still did not operate successfully. The most likely reason was the 
lack of experience in the design, choice of support material and operation. In 
contrast, with the UASB system, start up and successful operation were readily 
achieved. The UASB system also appeared to be much simpler to operate than the 
AAFEB system. It was concluded therefore that the U ASB system had the highest 
expectation for successful implementation and operation in the treatment of the 
apple juicing waste water. Accordingly it was decided to proceed with a feasibility 
study of the UASB system for the treatment of this waste water. 
The feasibility study encompassed the start-up, system performances, maximum 
loadings, interaction of waste COD concentration and hydraulic retention time, effect 
of temperature and sensitivity to shock loadings (Chapter 3). 
From the.feasibility study it became apparent that a major limitation on the system 
performance was the development of a low pH region in the bottom of the reactor. 
This led to a general enquiry into the biochemical processes taking place in the 
sludge bed. Product formation along the line of flow in the reactor system was 
analyzed in terms of established normal anaerobic fermentation theory (Chapter 4). 
This in turn led to an enquiry into the processes giving rise to the phenomenon of 
pelletization and an hypothesis on the pelletization phenomenon evolved (Chapter 5). 
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This hypothesis stated that pelletization arose from the generation of polypeptides by 
a specific hydrogen-utilizing methanogen under the following conditions: (1) a high 
hydrogen partial pressure, (2) excess free and saline ammonia, (3) deficiency of the 
amino acid cysteine, and ( 4) near neutral pH. The hypothesis predicted that no or 
limited pelletization would be observed when: (1) the hydrogen generated is 
preferentially removed by organisms such as sulphate reducers, (2) a waste ferments 
only under low hydrogen partial pressure e.g. lipids, (3) a waste does not give rise to 
generation of hydrogen e.g. acetic acid, ( 4) there is an inadequate concentration of 
free and saline ammonia in the influent, and (5) an adequate supply of cysteine is 
available. 
To verify the hypothesis the system was studied using a defined substrate glucose 
(Chapter 6). Glucose was selected because its biochemical pathways and product 
formation in the fermentation process are well established. From this study it was 
possible to quantify th~ various products formed, in particular the hydrogen flux, 
and to calculate the hydrogen utilizing methanogen yield and the mass of 
polypeptide generated. To check some of the hypothesis predictions, studies were 
undertaken to ascertain the effects of (1) NH 3-N limitation on pellet formation, 
(Chapter 6), (2) SOi- ions, (3) lipid substrate, and ( 4) cysteine supplementation 
(Chapter 7). 
The study on product formation indicated the importance of alkalinity in the control 
of pH in the UASB system, also that the system required higher alkalinities for 
successful operation than the other anaerobic systems (viz. anaerobic contact 
process). Alkalinity provision could impose a significant operational cost, 
accordingly attention was directed to ways and means to reduce the alkalinity 
requirement, in particular where high influent COD had to be treated. Recycling 
from the effluent to the influent was investigated (Chapter 8). From this 
investigation it was found that the alkalinity supplementation could be reduced 
substantially by instituting a recycle. A recycle also was shown to be a necessity 
when treating waste waters with high influent COD strengths. 
Finally, a mathematical model was developed that describes the stoichiometry and 
kinetic behaviour of the various processes operating in a U ASB system that produces 
a pelletized sludge mass (Chapter 8). 
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CHAPTER2 
LITERATURE REVIEW 
1. ORIGIN 
The upflow anaerobic sludge bed (UASB) reactor was developed in the Netherlands 
in the early 70's as a means to treat waste waters from sugar beet and potato 
processing industries. The UASB concept was developed from two upflow reactor 
systems, the (1) reversed-flow clarigester and (2) upflow anaerobic filter (Mosey, 
1981). 
The reversed-flow clarigester was developed in South Africa in the early 1960's for 
treating mainly industrial waste waters. Hemens et al. (1962) were searching for an 
economical and effective method of treating a glucose/starch effluent and selected an 
anaerobic activated sludge process. Needing a full-scale plant at' short notice, they 
decided to use an existing type of treatment plant, a Dorr-Oliver clarigester. 
The Dorr-Oliver clarigester was designed for the treatment of raw sewage. - It 
consisted of a settling tank built on top of an aerobic digester. The settling tank had 
a conical bottom with a central opening. The raw sewage was discharged downwards 
also at the centre. The supernatant (settled sewage) discharged via a peripheral 
overflow weir. The sludge settling to the conical bottom was moved to the central 
opening by means of a scraper mechanism and discharged to the digester 
compartment below. 
Hemens et al. transformed the clarigester into an anaerobic activated sludge plant by 
removing the original raw sewage discharge point (in the top settling compartment) 
and introducing the inlet feed point at the base of the bottom compartment. Thus 
the flow direction in the system was reversed and· created an upflow anaerobic 
digester; the original primary settling tank now became a secondary settling tank 
separating the anaerobic reactor _sludge from the mixed liquor and discharging the 
treated water. No mechanical mixing was provided. 
Hemens et al. found that the modified system was viable for the glucose/starch waste 
water with influent COD of 10 000 mg/lat temperature 20-25°C. At a loading of 3 
kgCOD/m3/d the COD removal was about 80 per cent. The system developed a 
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good settling sludge and granular sludge developed at the bottom of the reactor but 
no particular importance was attached to this phenomenon (Ross, 1989). 
The reversed-flow • clarigester• was later used to treat wine distillery waste waters 
(Stander et al., 1968) at a temperature of 30° C. For influent COD of 22 400 mg/i, a 
COD removal of 97,5 per cent was achieved at a loading of 3,2 kgCOD/m3/d. 
However the sludge developed on wine distillery waste waters had poor settling 
properties due to its •diffuse and filamentous nature• (Mosey, 1981). 
At about the same time (mid 60's) McCarty in the USA was investigating ways of 
retaining biomass in an anaerobic system such that low strength waste waters may 
be treated without having recourse to long hydraulic retention time (as in the 
anaerobic conventional process) or sludge recycling (as in the anaerobic contact 
process). Young and McCarty (1967) developed the upflow anaerobic filter reactor. 
In the anaerobic filter reactor the reactor is packed with pebble gravel or some other 
packing material. The waste water enters and is distributed across the bottom of the 
filter bed, the fl.ow is upward through the bed and the filter is submerged completely. 
Biological solids grow attached to the packing material (pebble gravel) and are 
trapped within the interstices. The packing material also serves to separate the gas 
generated from the liquid and provide quiescent areas for settling of suspended 
growth. 
Young and McCarty (1967) tested the system at 25° C with synthetic wastes such as 
mixtures of SCF A (acetic and propionic acids) and a protein-carbohydrate mixture 
having COD concentrations between 1500 to 6000 mg/ L They found that: 
1) Relatively low strength waste waters (1500-6000 mgCOD/l) could be treated 
effectively without solid recycling. For the protein-carbohydrate waste the 
process achieved COD removal efficiencies between 90 to 63 per cent at organic 
loadings of 0,5 to 4 kg/m3 reactor/d. With the SCFA mixture the COD removal 
ranged from 98 to 68 per cent over the same loading range. 
2) For the same loadings, at high loadings (~ 4 kg/m3 reactor/d) COD removal 
efficiency was improved for the higher influent COD concentrations (for both 
substrate mixtures) 
3) Biological solids accumulated in the lower region of the filter and most of the 
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influent COD was removed within this region. 
4) Biological solids were retained efficiently inside the filter bed; total solids 
accumulated were between 37 300 to 171 000 mgVSS. The average effluent 
suspended solids concentrations were between 7 and 90 mgVSS/ l. 
5) With protein/carbohydrate wastes, :flocculated solids were suspended in the voids 
together with granules of diameter approximately 3,lmm. They attributed the 
formation of granules to a rolling action induced by the rising gas bubbles. 
Other investigators (van den Berg and Lentz, 1979; Young and Dahab, 1982) found 
that most of the biological solids were present in suspended form in the void spaces 
with a small amount attached to the surface of the packing material. They 
concluded that the biological growth on the packing material provides a polishing 
action. 
The anaerobic filter has been found suitable for soluble waste waters. With waste 
waters that contain suspended solids, the suspended materials settle readily and 
accumulate in the voids of the packing material causing channeling of the influent 
feed (Van den Berg and Kennedy, 1983). Consequently solid wasting is necessary to 
prevent plugging of the packing. 
Although it is not clear from the literature it would appear that at the beginning of 
the 70's Lettinga et al. at the University of Wageningen, the Netherlands, evolved 
the.UASB system by combining the reversed-flow clarigester and the anaerobic filter: 
They took cognizance of the experience with the anaerobic filter that the biological 
mass accumulated in the lower region of the filter where most of the influent COD 
was removed. Accordingly they made provision for an unpacked lower region in 
their system where the biological mass could accumulate (Mosey, 1981). They 
removed the overlying support material progressively until none was present in the 
system. To separate the gas, liquid and s9lids, an internal gas/liquid/solid separator 
was introduced in the upper part of the system, the solid particles settling back into 
the digesting zone. There was no mechanical mixing in the digesting zone. This 
system has been called the up:flow ariaerobic sludge bed (or blanket) system or UASB 
system. 
According to de Zeeuw (1988), formation of a granular sludge in the UASB system 
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was reported in 1974 by Lettinga and associates: At laboratory scale UASB system, 
operated on sugar beet waste water, developed a well settling flocculant sludge; the 
system operated efficiently up to a loading of 10 kgCOD/m3/d. However when the 
same waste water was treated in a pilot scale U ASB system, a granular sludge bed 
developed and the system again operated efficiently but up to a maximum loading of 
30 kgCOD/m3/d. 
Development of granular sludges was subsequently observed in UASB systems 
treating waste waters from sugar refinery, potato/starch processing and distillery 
effluents (Hulshoff Pol et al., 1983; Lettinga et al., 1979). Certain waste waters 
tested did not develop a granular sludge: Olive oil processing waste water gave rise 
to a smooth uniform sludge bed and slaughterhouse waste water to a flocculant 
sludge bed (Boari et al., 1984; Sayed, 1982). These UASB systems appeared to 
operate efficiently but the loadings were very much lower than those achieved when 
granular sludge developed. Furthermore Hamada and Van den Berg (1984) reported 
that with non-granular sludges part of the sludge bed could be lost should there be a 
hydraulic surge through the system. 
2. SUBSTRATE FEED: 
The phenomena of granular sludge formation (or pelletization) appears to be 
associated with certain wastes. Pelletization has been observed in UASB systems 
(laboratory, pilot and full-scale) mainly with medium strength soluble waste waters 
consisting of carbohydrates, alcohols (methanol and ethanol) or proteins; poor 
pelletization appears to be associated with short chain fatty acids (SCFA) substrates: 
Carbohydrates: Good pelletization with waste water has been observed with sugar 
beet, potato, corn and potato starch processings (Hulshoff Pol et al., 1983); maize 
starch (Ross, 1984) and distillery wastes (Hulshoff Pol et al., 1983). Wu et al. (1987) 
obtained •granulation• (i.e. pelletizatl.on) in two laboratory scale UASB reactors 
treating a glucose molasses solution (1000-3500 mgCOD / l) and citrate waste water 
(20 000-36 000 mgCOD / l); the authors made the following observations: 
(1) With glucose molasses as substrate, granules appeared in 33 days, within a 
week after their appearance the reactor was filled with granules, of maximum 
diameter 3 to 4mm. 
(2) With citrate waste water as substrate, granules appeared after 60 days; 
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within a week the reactor filled with granules, of diameter ranging from 0,2 
to 2,0mm. 
From these two observations, Wu et al. concluded that granulation took place more 
rapidly with glucose molasses than with citrate waste water. 
Alcohols: On a laboratory scale UASB reactor Lettinga et al. (1979) observed that 
with pure methanol as substrate pale yellow granules developed (size 0,5 to 4mm). 
These granules were formed within a few months after start-up. They reported a 
biomass yield of between 0,11-0,14g sludge/g COD removed, a yield very much 
higher than that expected in anaerobic processes. 
Wiegant et al. (1985) operated a UASB at thermophilic temperature (55° C) seeded 
with thermophilic sludge cultivated on sucrose. They observed pelletization, with 
granules of 1 to 3 mm. With vinasse (high strength waste water of alcohol 
· distilleries) as substrate feed, the size of the sludge granules decreased significantly, 
from 1-3 mm to 0,5 mm. They concluded that compounds present in the waste 
water might be detrimental to pellet formation. 
Dolfing (1987) in an endeavour to develop a laboratory system to grow granular 
sludge under defined conditions, investigated various mixtures of organic compounds 
as substrate to U ASB reactors. The organic compounds were: SCF A (acetate, 
propionate and butyrate), lactate, valerate, sucrose and ethanol. The influent COD 
ranged from 2000 to 6500 mgCOD/l "depending on the loading rate•. In all the 
experiments a substantial amount of yeast extract ( 425 mg/ l) was added to the feed. 
Dolfing concluded that 
(1) With the various substrate mixtures but with a principal fraction of SCFA, 
pellet growth was poor and filamentous growth was dominant. 
(2) Ethanol as sole substrate feed gave rise to good growth of granular 
methanogenic sludge. 
(3) Compared to the other substrates, the growth yield with ethanol was 
•significantly the highest•. 
( 4) Sludge granules grown on ethanol consisted of rod and coc-shaped bacteria; 
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with the mixtures of substrates, filamentous organism growth was dominant. 
Proteins: Schulze et al. (1988) using gelatine (protein) as substrate found that: 
(1) Goods granules (mean diameter 1-2mm) were formed when the influent 
gelatine concentration was 5g/l; smaller granules (0,5-lmm in diameter) 
were formed when the gelatine concentration was 15g/ l. 
(2) At the lower gelatine influent concentration the biomass concentration was 
41,6 g/ l compared to 37 ,3 g/ lat higher gelatine concentration. 
(3) In both experiments pelletization was observed within 3 weeks. 
( 4) When the influent feed concentration was 5 g/ l, the maximum ammonium 
concentration in the effluent was measured at 1000 mg/ l i.e. 200 mg 
(NH3-N)/ g gelatine; when the influent feed was 15 g/ l gelatine, the effluent 
ammonium concentration was 2700 mg/ l, i.e. 180 mg (NH3-N)/g gelatine 
and the removal efficiency was 73 and 68 per cent respectively. They 
concluded that the high NH3-N concentrations generated did not appear to 
have a significant effect on process performance. 
Short chain fatty acids (SCFA): de Zeeuw and Lettinga (1980), Hulshoff Pol et al. 
(1982), ten Brummeler et al. (1985), and Dolfing (1987) (all these authors were from 
the same research institution) tested mixtures of SCF A such as acetic and propionic 
acids as substrate. This type of substrate was of general interest because many 
industrial waste waters contain significant concentrations of SCF A, or, these can 
form rapidly from the dissolved biodegradable fraction in the waste. 
All the experiments made use of mixtures of acetic and propionic acids (total COD "' 
3000 mg/ l), supplemented with yeast 'extract ("' 250 mg/ l). Generally they observed 
that the granules formed from SCF A mixtures were weak and tended to break apart 
after vigorous shaking. They concluded that pelletization can be obtained by using 
only SCF A as substrate. 
Hulshoff Pol et al. (1984) investigated mixtures of SCF A and sucrose (carbohydrate); 
they found: 
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(1) With substrate containing mainly SCFA (90 per cent SCF A and 10 per cent 
sucrose), granules that were formed had poor settling quality and were 
filamentous in nature. Biomass concentration, at the start of the 
experiment, was 12,8 gVSS/l and subsequently decreased to 6,3 gVSS/l at 
the termination of the experiment. Bed washout was observed during the 
experiment. The biomass yield was : 0,028 gVSS/g COD removed; this 
yield is comparable with that obtained in normal anaerobic processes (0,03 
gVSS/g COD removed). 
(2) With substrate containing mainly sucrose (90 per cent sucrose and 10 per 
cent SCF A), good settling granples were obtained. These consisted oL 
filaments, cocs and duplococs. The bed volatile mass concentration increased 
from 12,5 to 19,6 gVSS/l in about 55 days. No bed sludge washout was 
observed even at the highest loading. Sludge yield was estimated at 0,093 
gVSS/gCOD removed; this yield is more than 4 times that expected in 
normal anaerobic processes. 
(3) After 130 days operation the bed mass concentrations for the two influent 
substrates were approximately 9 gVSS/l (for the 10 per cent sucrose + 90 
per cent SCF A substrate) and 40 gVSS/ l (for the 90 per cent sucrose + 10 
per cent SCFA substrate). 
( 4) The time taken for the appearance of granules on the different substrates 
was:· 
953 sucrose+ 53 SCFA < 103 sucrose+ 903 SCFA < 1003 SCFA. 
Hulshoff Pol et al. findings are of considerable importance as they demonstrated 
positively the difference between sugar type and SCF A type substrates on pellet 
formation. SCF A substrates produced less pellets of poorer structural integrity with 
, , 
different microbial populations than sugar type substrates. The findings of Hulshoff 
Pol et al. are supported by the following reports: 
(1) Lettinga et al. (1983) reported that the development of granular sludge 
proceeded at a faster rate with unsoured (no SCF A present) sugar solutions 
then with a SCFA solutions of the same COD and nutrient content. 
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(2) Wiegant and Lettinga (1985) observed that granular sludge formed on 
sucrose substrate, disintegrated when maintained on a SCF A solution for 
more than 6 months. They speculated that this phenomena may have been 
due to the decay of the sugar fermenting organisms which they assumed were 
responsible for the structure of the granules. 
Lipids: Pelletization has not been reported in UASB systems with lipids as substrate 
feed. Boari et al. (1984) using the UASB system with olive oil (lipid) processing 
waste water as substrate did not observe pellet formation; they reported that a 
sludge bed formed but it was uniform and smooth in consistency with good 
set tleabili ty. 
Conclusions 
From the work reported on the influence of substrate type on pelletization, the 
following conclusions can be made: 
(1) Carbohydrates, alcohol and protein waste waters give rise to well formed 
high density pellets. 
(2) SCF A do not appear to promote pelletization or promote pelleetization only 
to a limited degree; pellets that formed are ill defined, filamentous and with 
low density. 
_ (3) With carbohydrates a net sludge yield of 3 times that associated with normal 
anaerobic processes is obtained, of about 0,093 mgVSS/mgCOD removed. 
With SCF A a yield very near that associated with normal anaerobic 
processes is obtained, of about 0,03 mgVSS/mgCOD removed. 
(4) In UASB systems treating lipids, a sludge bed is formed but of a smooth 
consistency, i.e. no pelletization is observed. 
3. MICROBIOLOGICAL POPULATIONS IN PELLETIZED SLUDGE 
In the literature on pelletization in U ASB systems the general consensus appears to 
be that pelletization occurs in the methanogenic phase, either mediated by specific 
methanogenic organisms or as a result of extracellular polymer excreted by these 
organisms: 
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de Zeeuw and Lettinga (1980) investigated two UASB systems fed on a mixture of 
SCF A as substrate. One system was supplemented with 30 mg Ca2+ / l (calcium-poor 
reactor) and the other with 300 mg Ca2•/l (calcium-rich reactor). They observed 
that: 
(1) Filamentous bacteria resembling Methanothrix were predominant in the 
calcium-rich reactor with growth taking place on the external surface of the 
floes. They also indicated that these filamentous bacteria were absent from 
the seed sludge. 
(2) Increasing number of Methanosarcina spp .. type organism were observed in 
both reactors after an extended period (50 days) of operation. 
(3) Microscopic examinations of the granules in the calcium-rich reactor showed 
that the main part consisted of rod~shaped bacteria. Furthermore in the 
surrounding solution of the disintegrated granules, a large number of 
Methanosarcina spp. type organisms were present. 
(4) Growth of filamentous bacteria (acetate degrading methanogens) created a 
bulking anaerobic sludge resulting in low VSS concentrations in the system. 
From the above observations de Zeeuw and Lettinga speculated that pelletization 
may have been initiated by Methanosarcina spp. as these organisms can form spongy 
clumps that could serve as support for other bacteria. 
Hulshoff Pol et al. (1982) identified two types of granules according to the type of 
organisms present: 
(1) 'rod-granules': these mainly consist of rod-shaped bacteria 
(2) 'filamentous granules': these mainly consist of filamentous bacteria. 
However Hulshoff Pol et al. observed that the predominant bacterium in both types 
of granules showed much resemblance with Methanothrix soehngenii. 
Hulshoff Pol (1984) examined the type of granule formed and its associated 
methanogenic flora using a mixture of SCFA and a carbohydrate. He observed the 
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following: 
(1) 90 per cent SCFA-COD ± 10 per cent sucrose-COD as substrate: The 
granules formed were poor settling and filamentous in nature and most of the 
granules were formed by attachment of the filamentous bacteria, presumably 
Methanothrix, to biologically inert particles originating from the seed sludge. 
(2) 5 per cent SCF A-COD and 95 per cent sucrose COD as substrate: The 
granules formed initially consisted of long filaments and small amount of 
cocs and duplococs. However during the experiment a shift in composition 
of the granules was observed; the number of filaments decreased whereas the 
number of mobile rods increased. Furthermore the granules were not formed 
by attachment on inert support particles. \ 
(3) 10 per cent SCF A-COD and 90 per cent sucrose-COD: Microscopical 
observation of the sludge showed that autofluorescing H2. consuming 
methanogens predominated with long filaments resembling 1'.fethanothrix 
present in small numbers. 
Ross (1984) examined the granules formed in a full scale clariges~er treating a maize 
processing waste by scanning electron microscopy. He commented that whereas in 
flocculant anaerobic sludges filamentous organisms extended outside the floes, in 
granular sludges no filaments extended beyond the surface .of the granules. 
Microscopic examination of a crushed granule by wet and stained preparations 
showed mainly three morphological types of bacteria: 
(i) long rods (5-15 µm) with flat ends, non-motile and gram-positive. 
(ii) Cocci (2,5 µm diameter) often in small bunches of two to three bacteria; 
non-motile; gram-positive. 
(iii) Short rods (2,5 µm long); very motile; gram-negative. 
Ross also observed that appreciable polypeptide chains were present; these appear to 
bind the organisms together in the granules. _ 
Riera (1985) reported that granules formed on sugar cane molasses waste water as 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
2.11 
substrate, consisted of sarcinae and rods with the latter predominating. 
Alibhai and Forster (1986) examined several types of granules grown on various 
substrates, Table (2.1 ), using scanning electron microscopy. By comparing the 
morphology of various known methanogenic species, the types of bacteria were 
identified as listed in Table (2.1). They concluded that the presence of Methanothrix 
in all the granules, indicated that this organism has an important role in the 
formation of granules. 
Table 2.1: Sludge characteristics as determined by scanning electron microscopy 
(after Alibhai and Forster, 1986). 
Substrate Reactor Physical Biological Compositio  
size structure 
Sugar beet Full-scale Stratified Core: Loosely packed 
Methanothrix soehngenii 
Inner: Methanobrevibacter spp.; 
Surface: 
M. soeh{ienii 
Polymer inert particle matrix 
Methanobrevibacter spp. 
Methanothrix soehngenii 
Sugar beet/ Full-scale Homogeneous Inner: M ethanococcus; 
potato M ethanosarcina 
·Surface: Polymer/inert particle matrix 
Methanospirillum hungatei 
M. soehngenii 
SCFA Lab-scale H·omogeneous Inner: 
Surface: 
Methanothrix soehngenii 
Polymer/inert particle matrix 
Methanospirillum hungatei 
M. soehngenii 
SCFA Lab-scale Homogeneous Inner: Methanothrix soehngenii 
Surface: Inert particles 
Methanothrix soehngenii 
Maize Full-scale Stratified Core: Calcium carbonate 
starch Inner: Methanothrix soehngenii 
Surface: Polymer/inert particle matrix 
M.soehngenii 
Methanobrevibacter spp. 
M ethanococcus spp. 
Spent Lab-scale Methanobacterium bryantii or 
fermentation Methanospirillum hungatei 
liquor 
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Dolfing (1987), in an attempt to elucidate the mechanism of pelletization, 
investigated the methanogenic microflora of the granules formed on different 
substrates. He observed that: 
(1) With ethanol as substrate: the sludge granules formed consisted of rod and 
coc-shaped bacteria and filamentous bacteria were absent. 
(2) With mixtures of SCF A: the sludge granules formed were fluffy and 
-consisted mainly of filamentous bacteria resembling Methanothrix soehngenii. 
This organism grew in long intertwined filaments which appeared to serve as 
a matrix, enclosing micro-colonies of other groups of bacteria. 
From these observations Dolfing implicated the presence of M.soehngenii-Iike 
organisms in the conglomerates that developed: Fluffy pellets were formed when 
M.soehngenii was abundant and grew as filaments whereas good pellets were formed 
when M.soehngenii occurred as single organisms or in short chains. However the 
author did not identify the conditions that would promote growth as single 
organisms or in short chains. 
Wu et al. {1987), using fluorescent microscopy, observed that in granular sludges 
formed from glucose-molasses and citrate waste water substrates, the microflora 
consisted of rods and filaments with few sarcina and cocci. Using morphology the 
authors inferred that . these organisms might belong to the methanobacterium, 
methanosarcina and methanococcus respectively. Scanning electron micrographs of 
the granular sludges showed that on the surface of the granules the microorganisms 
were present as long filamentous rods or short rods of 2-5 cells. These organisms 
resembled Methanothrix sochngenii. Methanaosarcina-type organisms were also 
observed on the surface of the granular sludges. 
Thiele et al. (1988) examined the organisms in floes formed on a whey processing 
substrate using electron microscopy. They observed large clumps of a sarcina which 
they presumed were Methanosarcina barkeri; long filaments were occasionally found 
within the floes. Using UV-epiflourescence microscopy a presumptive homogenous 
distribution of a fluorescent rod was predominant; by size and shape similar to 
Methanobacterium formicum. 
From the above description of the methanogenic microflora in anaerobic digesters it 
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is evident that in situ identification of the microflora is difficult and only 
presumptive naming could be done on the basis of structural characters as shape and 
cell envelope structure. Consequently the interpretation of micrographs has been 
limited to species which are recognized easily such as Methanosarcina sp. cells and 
Methanothrix sp. filaments, whereas other dominant genera are described only as 
rods, cocci, etc. Hence it would appear that present methods for identification of the 
various populations in an anaerobic digester are inadequate. Indeed Kooayashi et al. 
(1988) argued that conventional techniques such as phase-contrast, fluorescence and 
electron microscopy are useful only for tentative identification of the bacterial 
population. Furthermore Dubourguier et al. (1988) intimated that adaptation of 
classical methods (for example the agar roll tube technique and the deep agar 
method) to evaluate the number of bacteria in a sample from an anaerobic system 
have had limited success. These methods destroy the interactio s between the 
species in the sample thereby giving rise to distortions in evaluating the community 
structure. 
Recently a new method, the immunology technique (Archer, 1984, Conway de 
Macario and Macario, 1982, 1986) has been developed that allows rapid and accurate 
identification and quantification of methanogenic organisms. This method does not 
require isolation and culture of organisms. Macario and Conway de Macario (1988) 
using this technique for quantitative analysis of the methanogenic flora in anaerobic 
digesters identified a considerable diversity. of methanogens, much larger than 
previously reported. The authors analyzed samples from 14 different digesters and 
found that two hydrogenotrophic methanogen predominated, Methanobacterium 
formicicum JF in 13 digesters and Methanobrevibacter arboriphilus AZ in 12 
digesters. The authors also observed 14 strains of 11 species of methanogens in the 
digesters. 
Dubourguier et al. (1985) have shown that Methanobrevibacter sp., Methanospirillum 
sp and Methanothrix sp. were the main methanogenic bacteria present in granular 
sludges. Dubourguier et al. (1988) reported that the dominant acetoclastic and 
hydrogenotrophic methanogens were Methanothrix.soehngenii and Methanobrevibacter 
arboriphilus respectively in a UASB system fed with a mixed defined substrate 
consisting of glucose, SCF A, valerate and lactate. Furthermore the authors 
indicated that the microbiological analysis on the above defined mixed substrate, 
were similar to those reported in U ASB reactors treating waste waters from starch 
and sugar industries. Archer (1988) reported that in propionate-degrading 
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enrichments, the major hydrogenotrophic methanogens were Methanobrevibacter 
arboriphilus. 
4. POLYMER FORMATION: 
The nature or role of extracellular polymers in the stabilization of granular sludge 
has been the subject of much discussion recently. Although extracellular polymer 
substances {ECP) of biological origin generated from lytic products, or biological 
excretions, usually are observed in natural systems, as yet no precise mechanism in 
either their formation or their role in bacterial aggregation has been postul~ted. 
Harris and Mitchell {1973) described several types of extracellular polymer 
substances of biological origin: 
{1) Complex polysaccharides and polyamino acids. These are secreted or 
exposed at the bacterial surface and occur under varying physiological 
conditions especially during the declining growth and death phases. 
{2) Polymeric material such as nucleic acids and proteins. These are excreted or 
introduced to the surrounding medium by cellular lysis and have been shown 
to play a significant role in bacterial aggregation. 
Harris and Mitchell {1973) concluded that certain substrates and the relative 
concentrations of nutrients both influenced the composition and concentration of 
extracellular polymers. They further noted that these polymers are nonionic or 
anionic in the neutral pH range. 
Ross {1984) was the first to propose that extracellular polymer {ECP) played a 
dominant role in the granulation process. He produced scanning electron 
micrographs of the granular sludge which showed the presence of ECP as fibrous 
strands protruding from the bacterial surface. He obtained a yield of ECP from the 
granular sludge, of about 4 percent of the suspended solids on a dry mass basis. 
Furthermore he observed that a fraction of both the soluble polymer in the 
glucose/starch feed, and the ECP which was bound to the pellet sludge surface, had 
the same molecular mass, namely 2 x 106. From these observations he concluded 
that pelletization in anaerobic sludges was similar to an agglutination reaction 
induced by polymers which can be present in the feed substrate or synthesized by the 
polymerization of simpler precursor molecules as a result of the metabolism of the 
feed substrate. 
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Dol:fing et al. (1985) produced transmission electron micrograph of granular 
methanogenic sludge (grown on sugar containing waste waters) showing large 
amounts of extracellular material. Furthermore since the extracellular 
polysaccharidic fraction of granules was only 1 to 2 per cent, they concluded that it 
is likely that more than one type of extracellular polymer, excreted by more than one 
group of organisms, contributed to the stability of the matrix in which the bacteria 
are embedded. In contrast Grotenhuis et al. (1988) observed that in granules grown 
on propionate only 0,1 to 0,3 per cent of the carbohydrates were extracellular 
material. 
Alibhai and Forster (1986) using scanning electron microscopy on pellet sections also 
observed the presence of a polymer matrix at the outer surface but provided no 
explanation how this could have been formed. They noted that the stability of the 
granules depended on the presence of this polymer matrix. Furthermore they 
observed that a sludge having a polymeric matrix at the surface exhibited the 
greatest structural stability during storage, and in those sludges where no such 
matrix was observed structural degeneration was more rapid. 
Mahoney et al. (1986) produced electron micrographs of granular sludge cells in 
which the presence of extracellular polymeric substances were clearly visible in the 
intercellular spaces. 
Harada et al. (1988) found that methane producing sludges fed· on carbohydrate 
substrates (mixture of starch and sucrose, molasses and sucrose) produced pellets 
that were more stable and larger in diameter than those produced in sludges fed on 
SCF A, and speculated that this was due to extracellular material synthesized by 
acidogenic bacteria necessarily present in the fermentation of carbohydrate type 
substrate to SCF A. 
Guiot et al. (1988) using a carbohydrate (sucrose) as substrate feed, with a nitrogen 
deficient medium observed that the total carbohydrate content of the biomass was 
higher than that generally found in biological masses (total carbohydrate/COD ratio 
of sludge was 16 per cent instead of the 10 to 12 per cent). They attributed this 
increase to be due to the formation of polymeric material but were of the opinion 
that this did not prime the granulation process and suggested that the polymeric 
material most likely was intracellular and hence could not participate in the 
aggregation process. 
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5. EFFECTS OF CALCIUM IONS: 
The role of Ca2• ions in promoting sludge pelletization in the UASH process has not 
been clearly elucidated up to the present. This is due mainly to contradictory results 
obtained by various investigators. Some showed that Ca2• ions exert a positive 
effect on the :flocculating ability of anaerobic sludge and enhanced the rate of sludge 
pelletization whereas others could find no evidence that Ca2+ ions induced 
pelletization. In their investigations de Zeeuw and Lettinga (1980) operated two 
UASH systems treating a SCFA mixture; one system was supplemented with only 30 
mgCa2•/i influent and the other with 300 mgCa2•/i influent. They observed that in 
the calcium poor reactor (Ca2• N 30_ mgCa2•/l), formation of grey-white granules 
(0,5-1,0 mm in size) with a VSS content of 90 per cent proceeded rapidly; these 
granules formed a granular bed in the lower part of the reactor. In contrast in the 
calcium-rich reactor ( Ca2+ N 300 rrtgCa2• / l) a fine sludge bed was formed with only a 
few granules which were more or less dispersed throughout the height of the bed, and 
the bed material showed a tendency to float; they attributed this behaviour to the 
low concentration of phosphate of 0,5-0,6 mgP / l (cf.with 5 mgP / l in the calcium 
poor reactor} and concluded that although the presence of Ca2• in the feed improved 
the sludge retention of the system, the Ca2+ concentration should be limited within 
5-10 mgCa2• / l - higher concentrations might limit the concentration of dissolved 
phosphate (nutrient) due to the formation of Ca3(PO 4) 2. 
In contrast to the observations above several investigators (de Zeeuw and Lettinga, 
1980; Hulshoff Pol et al., 1982; Cail and Harford, 1985; and Mahoney et al., 1987) 
concluded that high concentrations, in the range 40-150 mgCa2+ / l, appeared to 
stimulate pelletization and increase settleability. However Hulshoff Pol et al. (1982) 
did point out that yet higher Ca2• concentration (> 500 mgCa2• / l) resulted in the 
formation of CaC03 and Ca3(P04)2 precipitates - formation of a large number of 
CaC0 3 crystals acted as a nuclei for bacterial attachment which, they concluded, 
) stimulate a more dispersed growth and consequently an increased washout of the 
sludge. 
Hulshoff Pol et al. (1983) showed that although Ca2+ ions improved sludge 
_settleability and specific activity, the granulation process proceeded irrespective of 
high concentrations of ca2+ ( 450 mg/ l) or low concentrations of Ca2+ (150 mg/ l). At 
both Ca2• concentrations, granules contained increased sarcina- and coc-types. Cail 
and Harford (1985) reported a similar behaviour: In a reactor fed with 150 mgCa2+ / l 
more sarcina cells were selectively retained than in reactor with no Ca2• .but in the 
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latter a more diverse microbial population, consisting of cysts arid macro-cysts, was 
present. 
Schroder and de Haast {1987) using deproteinated cheese whey (11000 mgCOD/l) as 
substrate observed that in a UASB system fed with (1) 360 mgCa2•/i, flocculation 
occurred with no definite pelletization, with the floes consisting mainly of 
filamentous organisms, (2) 720 mgCa2• / l, excellent pellet formation occurred with 
pellets consisting mainly of cocci and short rods. They concluded that calcium 
concentration enhanced pellet formation and influenced microbial composition of 
sludge particles. 
Guiot et al. {1988) operated a UASB system fed with sucrose (5000 mg sucrose/[) as 
substrate and Ca2• concentration of 80 mg/ l. They found that Ca2• has no 
significant effect on granulation at low substrate loading rate (less than 0,5 
gCOD/gVSS/d) but at higher loading (> 0,5 gCOD/gVSS/d) pelletization proceeded 
rapidly. To explain the possible role of Ca2• ions in enhancing pelletization they 
proposed that since Gram-positive and gram-negative bacteria have negatively 
charged surfaces ( carboxyl and phosphate groups) bivalent cations such as Ca2+ could 
bridge negatively charged groups on the bacterial surfaces. However they found no 
evidence that Ca2• can induce granulation of freely suspended and poorly active 
sludge. 
Grotenhuis et al. {1988) observed that with propionate as substrate, with a high 
concentration of calcium, granules formed and these showed a steady increase in Ca2+ 
content - chemical analysis indicated that calcium was present mainly as 
precipitates of calcium phosphates. On addition of the Ca2•-chelant, EGTA, in the 
ratio EGTA/Ca2• = 0,9 about 70 per cent of the calcium was extracted from the 
granules and disintegration of the granules was observed. In contrast pellets from 
full scale reactors treating a variety of waste waters (from papermill to carbohydrate 
type wastes) when dosed with EGTA, the pellets remained intact ev~n though 50 per 
cent of the calcium was removed, however, pellet strength decreased by up to 91 per 
cent. To explain this difference in behaviour, Grotenhuis et al. suggested that since 
calcium may be a constituent of extracellular polysaccharides and/or proteins which 
are present as sticking materials in granular sludge (see extracellular polymer 
section), and since for a sugar containing waste water, up to 2 per cent of the 
carbohydrates was extracellular material (compared to only 0,1 to 0,3 per cent for 
the propionate-grown granules), removal of calcium from the sticking materials in 
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the carbohydrate-grown pellets only leads to a weakening of the pellet structure, but 
removal of inorganic calcium phosphate precipitates from propionate derived granules 
would cause a disintegration of the granules. 
Conclusion 
Amid the confusion of conflicting evidence, perhaps the following conclusion on the 
effect of calcium on pelletization (or granulation) is reasonable: 
Biological pellet form?-tion appears to be principally dependent on the substrate 
feed. The presence of calcium may enhance the stability of the pellets that are 
formed. If the substrate cannot induce pellet formation calcium might assist, by 
precipitation, in some form of granulation but this form of aggregation might not 
sort strictly under biological pellet formation per se. · 
6. BIOCHEMISTRY: 
Fermentation of a carbohydrate, lipid or protein substrate to methane gas, takes 
place in four stages involving three groups of organisms: solubilization and 
acidogenesis (by acidogenic organisms), acetogenesis (by acetogenic organisms) and 
methanogenesis (by methanogenic organisms) (Mclnerney, Bryant and Stafford, 
1979). Product formation pathways for various substrates are set out in outline in 
Fig 2.1 and for glucose, a carbohydrate, in greater detail in Fig 2,2 (a, b and c). 
Stage 1: Solubilization 
In this stage complex long chain macromolecules such as carbohydrates, lipids and 
proteins are solubilized extracellularly by acidogenic organisms to short-chain 
compounds, sugars, fatty acids and amino acids, respectively. 
Stage 2: Acidogenesis 
Substrate molecules from Stage 1 (i.e. fatty acids, amino acids and sugars) are 
ingested by the acidogenic organisms and fermented intracellularly to short chain 
fatty acids (SCF A) (e.g. acetic, propionic and butyric acids), carbon dioxide and 
hydrogen gas. The biochemical pathways by which the substrate is fermented and 
the nature of the end product (i.e. the type of SCF A produced) will depend primarily 
on the type of substrate and the hydrogen partial pressure (pH 2). For example, fatty 
acids usually are fermented via the fatty acid spiral either to acetic acid and 
hydrogen under low pH2, or, to butyric and propionic acids under high pH2, see Fig 
2.1. Sugars usually are fermented via the Embden-Meyerhof pathway to SCFA (such 
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as acetate, butyrate and propionate), hydrogen and carbon dioxide. Cohen et al. 
(1979), for example, showed that, during acid fermentation of glucose, the 
fermentation products consisted of acetate, propionate, butyrate, hydrogen and C02, 
and that these represented 96 per cent of the soluble products. The relative fractions 
of the various SCF A however are dependent upon the pH2 in the medium, see below. 
At low pH2, glucose is fermented to acetic acid, butyric acid, hydrogen and carbon 
dioxide and at high pH2, glucose is fermented to acetic acid, propionic acid, butyric 
acid, hydrogen and carbon dioxide. 
The detailed fermentation pathways for glucose under low and high pH2, are shown 
in Fig 2.2(a, b and c). Under both low and high pH2 glucose is fermented first to 
pyruvic acid and intracellular generated electrons (attached to the electron accepting 
coenzyme NAD+, forming NADH) via the Embden-Meyerhof Pathway (EMP), see 
Fig 2.2; thereafter the pathways differ depending on the electron sink utilized to 
dehydrogenate the NADH: under low pH2, only intracellular protons (H•) act as the 
terminal electron acceptor (i.e. fl+ is the electron sink), under high pH2, pyruvic, 
acetyl-CoA and protons act as electron acceptors. The sequences whereby the 
electron transfer takes place in the respective acidogenic stages are described below: 
Sequence 1: (Embden-Meyerhof pathway, b th high and low pH2) 
Glucose is fermented to pyruvic acid and hydrogen via the Embden-Meyerhof 
pathway (EMP). The hydrogen is attached to the electron-carrying co-enzyme, 
N AD+, and 2 moles ATP per mole glucose are conserved by the organisms, i.e. 
CaH120s (glucose) + 2 NAD• + 2 ADP + 2 P --+ 
2 CH 3COCOOH (pyruvic acid)+ 2 NADH + 2 ATP (2.1) 
That is, one mole of glucose generates 2 moles of pyruvic acid. Sequence 1 is 
common to both low and high pH2; Fig 2.2(a, b and c). 
Sequence 2: (Dehydrogenation) 
The NADH formed in sequence 1 needs to be dehydrogenated to maintain a high 
level of NAD+ in order that the Embden-Meyerhof pathway remains operative 
(NAD+ acts as the electron acceptor in this pathway). Dehydrogenation can take 
place in one of three ways depending on pH2: 
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Low pH2: 
Under low pH2 (pH2 of less than lQ-4 atm, calculated from data of Lehninger, 1972) 
(see Fig 2.2a), oxidation of NADH is a downhill reaction i.e. NADH is oxidized 
spontaneously to NAD+ and hydrogen gas, i.e. 
2 NADH --+ 2 NAD+ + 2 H2 (2.2) 
The NAD+ thus regenerated acts as electron acceptor for further oxidation of glucose 
to pyruvic acid via the EMP (sequence 1). The two moles pyruvic acid generated in 
sequence 1, Eq (2.1) are oxidized further to acetyl CoA and carbon dioxide (Fig 
2.2a): 
(2.3) 
The 2 moles N ADH formed from this step again .are dehydrogenated spontaneously 
to form hydrogen gas, as in Eq (2.2); the two moles of acetyl-CoA are converted to 
2 moles acetic acid with concomitant generation of 2 moles ATP, i.e. 
(2.4) 
Hence under low pH2 the overall fermentation of 1 mole glucose is: 
C6H1205 + 2 H20 + 4 ADP + 4 P --+ 2 CH3COCOOH + 2 C02 + 4 H2 + 4 ATP 
(2.5) 
The overall reaction depicted by Eq (2.5) is only slightly downhill; a small change 
in pH2, for example, will cause the reaction to become thermodynamically 
unfavourable. Noting from Eq (2.5) that H2 is released, the rate of H2 removal must 
be at least as fast as H2 generation in order to maintain the low pH2 condition 
required for acetate generation only. In the production of H2 if the pH2 increases 
only slightly the reaction could become thermodynamically unfeasible until the H2 is 
removed i.e. pH2 declines again. It would seem that in intermediate state the 
acidogens utilize an alternative pathway (Fig 2.2b) in which butyric acid is 
produced. Experimental investigations have shown that during acidogenic 
fermentation of glucose under low pH2 conditions acetate was not the only SCF A 
generated, butyrate also is generated (Thauer et al., 1977; Jones and Woods, 1986): 
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In the fermentation of 1 mole glucose to acetate as the only SCF A, hydrogen and 
carbon dioxide, 4 moles ATP are generated; this implies an 85 per cent energy 
conversion approximately (Thauer et al., 1977). This high percentage energy 
conversion implies that the reaction (glucose to acetate) is only slightly downhill (~ 
-2 Kcal/mol glucose oxidized). The conversion of glucose to butyric acid is 
energetically strongly downhill at the expense that only 3 moles ATP is produced per 
mol of glucose ozidized (cf 4 moles ATP in acetic acid production) and only 2 moles 
H2 is produced (cf 4 moles H2 in acetic acid production). The possible overall 
pathway for butyric acid production is shown in Fig 2.2b. The overall reaction of 
butyric acid formation is as follows: 
(2.6) 
In summary the classification of butyrate formation in a low pH2 system arises from 
the experimental difficulty of effecting glucose oxidation to acetate only (with 
generation of H2 and C0 2) in pure culture system in the absence of H2 utilizing 
bacteria to maintain a low pH2. 
High pH2: 
Under high pH2 (see Fig 2.2c), the forward reaction in Eq (2.2) is no longer 
thermodynamically feasible. Consequently an alternative method for oxidizing the 
NADH generated in the EMP is needed. This is effected in two ways, which may 
take place simultaneously or alternatively (by the same or different groups of 
acidogens): 
Alternative 1 - The two moles of acetyl-CoA is reduced to butyric acid, see Fig 2.2b, 
(Wolin 1974, Thauer et al., 1977) 
2 Ac-CoA + 2 NADH + ADP + P - CH3CH2CH2COOH 
+ 2 N AD"• + 2 H2 + ATP (2.7) 
This reaction is thermodynamically favourable but at the cost of producing a less 
oxidized SCF A and only one ATP (cf. 2 ATP produced when the 2 moles 
acetyl-CoA is converted to acetic acid under low pH2, Eq (2.4). 
Alternative 2 - One of the 2 moles of pyruvic acid, Eq (2.1), is reduced to propionic 
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acid so as to oxidize the NADH produced from EMP, (Wood, 1982), see Fig 2.2c: 
CH3COCOOH + 2 NADH + ADP + P --+ CH3CH2COOH 
+ 2 NAD• + ATP + H20 (2.8) 
The remaining mole of pyruvic acid is oxidized to acetyl-CoA as in Eq (2.4), i.e. 
(2.9) 
The NADH cannot be spontaneously oxidized to NAD• as the reaction is not 
thermodynamically favourable at high pH2. However, the organism can achieve 
dehydrogenation of the NADH by coupling this reaction with the thermodynamically 
favourable reaction in which acetyl-CoA is converted to acetic acid, but at the cost 
that no ATP is generated [cf the low pH2 reaction where 2 moles ATP are 
generated, Eq (2.4)]. The coupled reaction is as follows: 
(2.10) 
Hence for alternative 2 under high pH2, the overall fermentation of glucose becomes: 
C5H1205 + 3 ADP + 3 P --+ CH3CH2COOH + CH3COOH + C02 + H2 + 3 ATP 
(2.11) 
in which only 3 ATP are produced. 
Stage 3: Acetogenesis from short chain fatty acids 
Acetogenic organisms have an important intermediate role between acidogenesis and 
methanogenesis. Methanogenic organisms use as substrate source, formic acid, acetic 
acid (by cleavage), hydrogen, methanol and methylamines to form methane; 
however short chain fatty acids with more than 2 carbon atoms (i.e. > C2) (such as 
propionic and butyric acids) cannot be fermented directly to methane (Mclnerney 
et al., 1979). However, hydrogen-producing acetogenic bacteria are capable of 
converting short chain fatty acids longer than C2, to acetic acid, carbon dioxide and 
hydrogen gas, provided the hydrogen partial pressure is low, below 10-2,7 atm and 
10-4,l atm for the degradation of butyric and propionic acids respectively 
(Mcinerney et al., 1979). 
Propionic acid is oxidized as follows (for pH2 < 10-4,l atm): 
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{2.12) 
and butyric acid is oxidized as follows for pH2 < 10-2, 7 atm: 
(2.13) 
Under high :PH2 (i.e. > 10-2, 7 atm) the forward reaction of both Eqs (2.12) and 
(2.13).is thermodynamically unfavourable so that propionic and butyric acids remain 
unaltered in the system. 
Stage 4: Methanogenesis 
For a carbohydrate type substrate the two main sources for methane production are: 
(1) Hydrogen oxidation and (2) Acetate cleavage. Methane can also be formed from 
formic acid, methanol and methylamines by specific groups of methanogens. 
However their production tends to be relatively insignificant in the fermentation of 
carbohydrates and hence will not form part of the discussion. 
The methanogens can be classified into three groups according to their energy source: 
(1) Hydrogenogrophs (H2-utilizing methanogens): These methanogens can 
utilize hydrogen only as their energy source. Examples of mesophilic 
hydrogenotrophs are Methanobrevibacter sp. and Methanobacterium sp. 
(2) Acetoclastic methanogens: These methanogens can utilize acetate only as 
their energy source, an example of mesophilic acetoclastic methanogen is 
Methanothrix sp. 
(3) Hydrogen/acetate utilizing methanogens: These methanogens can utilize 
both acetate and hydrogen as energy source; for example Methanosarcina 
sp. 
Methane formation takes place according to the following reactions: 
For acetate, 
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(2.14) 
For hydrogen, 
(2.15) 
Variations in pH2 do not appear to affect either the hydrogenotrophs or the 
acetoclastic methanogens. However for the H2/acetate utilizing methanogens, in 
particular Methanosarcina sp, there are reports that high pH2 results in the catabolic 
repression of acetate cleavage. For example Smith and Mah (1978) observed that 
Methanosarcina strain 227 utilizes hydrogen (with C02 as carbon source) 
preferentially over acetate in mixtures of these substrates resulting in the inhibition 
of acetate cleavage; when hydrogen concentration was reduced to a low level by 
utilization, acetate cleavage took place. In other Methan sarcina sp., such as 
Methanosarcina barkeri, rapid inhibition of acetate cleavage also occurred in the 
presence of H2/C0 2 (Baresi et al., 1978 and Ferguson and Mah, 1983). 
7. ROLE OF HYDROGEN IN ANAEROBIC FERMENTATION 
Profiles on anaerobic filter treating a protein-carbohydrate substrate produced by 
Young and McCarty ( 196 7) all exhibited sharp increases in SCF A in the lower 
section of the filter, followed by rapid declines in the upper section of the filter. 
They did not identify the individual SCF A species. The rise in SCF A concentration 
was associated with a decline of the pH and the fall in SCF A with a recovery of the 
pH. In terms of the biochemistry disr.:ussed in the previous section the accumulation 
of SCF A can be attributed to a rise in the pH2 because most of the influent COD 
was removed in the lower section and a protein-carbohydrate substrate releases 
hgydrogen during fermentation. A high pH2 we have seen, favours the generation of 
SCFA (such as propionic and butyric acids) other than acetic acid. The decline in 
SCFA concentration can be ascribed to the oxidation of these SCFA to acetate by 
acetogens and the rapid conversion of the ace_tate to methane by the acetoclastic 
methanogens. The fact that SCF A declined implies that the :PH2 had declined below 
10-4,l atm because conversion of propionate and butyrate can take place only under 
low :PH2. 
The behaviour above occurred at the bottom of the reactor over a relatively short 
distance so that hydrogen generation and utilization must have taken place within 
this region. In this region Young and McCarty noted the presence of sludge in 
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granular form in the voids of the packing material. This leads one to suggest that 
perhaps the aggregation of sludge into granules in the lower region of the UASB 
system arises from some advantage to be gained by the different species of organisms 
involved in anaerobic fermentation. Various studies in the literature support this 
conclusion: 
(1) Based on reported mean residence time for hydrogen in a mature digester 
(i.e. a digester where acetate and propionate concentrations are between 10-4 
and 10-3 moles/ l with pH2 < lQ-4 atm), Gujer and Zehnder (1983) calculated 
that on average the sites of H2 generation and uptake are less than 76 µm 
apart and concluded that H2 producing organism and H2 utilizing organisms 
must form a close association. McCarty and Smith (1986) calculated that, 
for a system to which a load of 10 kgCOD/m3/d is applied, if all H2 
generated are removed, then the distance between H2 producing and H2 
utilizing organism is estimated to be about 11 µm. If the load is increased to 
40 kgCOD/m3/d then the distance would have to be about 5 µm for removal 
of all H2 generated. They concluded that a process design that encourages · 
different species to live in proximity to one another, were more favourable 
for high rates of organic conversion. This is supported by the observation 
that in conventional anaerobic systems (i.e. completely mixed systems) the 
maximum loadings achieved are < 5 kgCOD/m3/d for maximum process 
efficiency whereas in U ASB systems the maximum loadings can be 40 
kgCOD/m3/d or even higher. This is so because in completely mixed system 
the organism population is dispersed uniformly in the system and the pH2 is 
distributed uniformly whereas in UASB system (plug flow reactor) the 
organism population is packed closely in the granules and hydrogen transfer 
between H2 producing and H2 utilizing organisms is effected more rapidly. 
(2) Tomei et al. (1985) observed that in an enrichment culture from a nver 
., 
sediment, inoculated into a complex medium containing pyruvate, yeast 
extract and casamino acids, bacteria formed clumps and they noted the 
presence of large amounts of extracellular polymer. They identified a 
butyrate degrading spore former in juxtaposition with a 
methanobrevibacter-type fluorescent rod. From this observation they 
hypothesized that the formation of clumps is an important evolutionary 
development enhancing inter species H2 transfer. Tomei et al. also observed 
that the H2-utilizer Methanospirillum sp. grew as free organisms in the 
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surrounding liquid whereas Methanobacterium sp. and Methanobrevibacter sp. 
tended to grow in clumps; from this they argued that if the pH2 in the 
clumps were hgher than in· the surrounding liquid (as postulated by Boone, 
1984) then growth within the clumps would favour bacteria with lower 
affinity for hydrogen but higher maximum growth rates than those with 
higher affinity but lower growth rates. They concluded that formation of 
clumps may be species specifc. 
(3) Thiele et al. (1988) showed conclusively that organisms living .in floes are 
more efficient than those living as free flora for anaerobic fermentation. 
With lactose as substrate they found that: 
(i) . Lactose was metabolized rapidly by both floes and free flora into 
mainly ethanol and acetate, but with floes lower levels of butyrate 
and propionate were present than with free flora. 
(ii) Free flora showed a much higher and transient H2 production (> 2 x 
10-2 atm) whereas floes produced lower, and more stable, H2 levels 
( < 9 x lQ-3 atm). 
(iii) Floes were more active at conversion of ethanol to acetate and 
methane than free flora. 
(iv) Both total and specific ethanol oxidation activity and hydrogen 
consumption activity was very much higher in the floe than in the 
free flora - floes displayed 87 per cent of total H2 consuming 
methanogenic activity and 76 per cent of total ethanol-consuming 
activity. 
From ·above observations Thiele et al. concluded that floes functioned to 
compartmentalize preferentially both syntrophic ethanol metabolism and 
methanogenic hydrogen consumption within a digester ecosystem. 
From the work reviewed above it would appear that in floes or granules 
syntrophicity is mainly between H2-producing acetogens and H2-utilizing 
methanogens. The reason for this would be that the acetogens can derive their 
energy for growth from degradation of SCF A with carbon chains > C2 (e.g. 
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propionate and butyrate) only if pH2 is sufficiently low for the reaction to be 
thermodynamically feasible. This hypothesis finds support in the observations of 
Dubourguier et al. (1988); they identified microcolonies of syntrophobacter 
(propionate degrading acetogens) and Methanobrevibacter sp. in granular sludge. 
However aggregation may be beneficial also to the acidogenic organisms: Teixiera de 
Mattos et al. (1984a, 1984b) found that the growth of Klebsiella aerogenes decreased 
and the rate of glucose consumption reduced when the glucose concentration 
increased to above 20 g/ l However when they sparged the culture with nitrogen 
gas, the residual glucose level decreased with a concomitant increase in cell yield. 
They concluded that metabolic gases (hydrogen and/or carbon dioxide), in particular 
carbon dioxide was the cause of the growth inhibition. A similar behaviour was 
observed by Crabbendam et al. (1985) with growth of Clostridium butyricum on 
glucose. In the pellet both H2 and C02 was removed by the H2 utilizing 
methanogens and in this fashion the reduced partial pressures (or concentrations) 
would also benefit the acidogens. 
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CHAPTER3 
FEASIBILITY STUDY 
1. INTRODUCTION 
The Upflow Anaerobic Sludge Bed (UASB) system has found application in the 
treatment of medium to high strength industrial and agricultural waste waters. All 
these systems to date have been operated at temperatures in the optimum range 
between 30 to 35° C. With one exception a feature of these systems has been the 
development of a ~ighly settleable pelletized sludge. The systems producing 
pelletized sludge all treated carbohydrate type waste waters. The exception was a 
UASB system treating olive oil wastes; this system did not produce a pelletized bed 
but instead a good settling sludge bed of smooth consistency was obtained. 
The waste water from apple juicing factory contains a high percentage of fructose 
and it was decided accordingly to investigate whether treatment of apple juicing 
waste water in a UASB system was feasible. Furthermore, bec~use control of the 
system at the apple juicing factory was accepted to be inadequate it was decided to 
investigate whether it was feasible to operate the system at temperatures lower than 
the optimum range of 30 to 35° C. The lower temperature selected was 25° C. The 
effluent from the plant was about 30° C; with temperature losses it was estimated 
that the treatment plant was likely to operate at about 25° C. 
The feasibility study on the U ASB system treating apple juice waste devolved into 
the following tasks, to: 
(1) Evaluate the performance of the system at 25° C and 30° C. 
(2) Ascertain if acceptable organic loadings can be achieved at 25° C. 
(3) Investigate the interaction of waste COD concentration, flow rate and 
hydraulic retention time in the low to medium influent concentration range 
(1000 - 5000 mg/ l). 
( 4) Ascertain if pellet formation would take place in (2) and (3) above. 
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2. EXPERIMENTAL SET-UP 
Two identical laboratory-scale UASB reactors were set up: The reactors are 
constructed from transparent perspex cylinders (Figs 3.1 and 3.2). The inside 
diameter of the reactor is 100 mm and the height 1200 :n:m, giving a total effective 
reactor volume of 9,0 litres. The bottom of the reactor is flat with four· inlet ports 
spaced around the circumference discharging in a horizontal direction. At the top of 
the reactor is the gas/liquid/solid separator. Gas collection is by means of a hollow 
inverted cone; rising gas bubbles are deflected into the cone by a collar around the 
inside wall of the reactor below the cone. The gas passes from the cone, along a gas 
line, through a liquid, trap to prevent carry over of liquid in the gas line. The 
volume of the effluent gas is measured by a wet gas meter (model No. DM3A, 
Alexander Wright, London). Effluent discharge is via an annular space between the 
gas collection cone and the reactor wall to enter a small solid/liquid separator 
(volume approximately was 500 ml). Clarified liquid flows over a launder to the 
collection vessel while solids, which settle out, are returned into the reaetor by 
gravity. Eleven sampling ports are evenly spaced along the length of the reactor. 
Temperature in the reactors is maintained at 25 or 30° C (: 0,2° C) by an on/off 
control of a heating tape wrapped around the length of the reactor. 
The feed for the reactor was made up each day to the required concentration and 
pumped to the reactor from a refrigerated vessel at 4 ° C, using a variable speed 
peristaltic pump. The feed was distributed through the four inlet ports at the 
bottom of the reactor wall to provide an even flow in the reactor and minimize 
channeling. 
During the start-up period when the influent flow rate was very low, to positively 
prevent channeling and improve feed distribution, an axially-mounted metal plate 
slow stirrer (7 revs/min) was positioned 100 mm above the reactor base to mix the 
lower section of the reactor contents. 
3. WASTE WATER CHARACTERISTICS 
The influent feed stock was of two types: 
(1) Apple juice concentrate; and 
(2) Batches of the apple processing waste water from the factory. 
The characteristics of these wastes are listed in Table 3.1. 
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Fig 3.1: 
Fig 3.2: 
3.3 
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Schematic diagram of the laboratory-scale U ASB reactor showing the 
numbered sampling ports. 
~J'J 
Photograph of the two laboratory-scale UASB reactors. 
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3.4 
Table 3.1: Apple waste water characteristics 
COD (rng/l). TKN (rngN/l) P (rngP/l) 
Apple concentrate source 
Apple waste water 
699700 
1500--4000 
Table 3.2: Trace element and nutrient solutions. 
Trace element solution 
HaBOa 
FeCh2H20 
Zn Ch 
·MnS04 
CuCh2H20 
(NH4)5 Mo1 024.4H20 
Al.Cla.6H20 
C0Cla.6H20 
Mn Ch 
Mg Ch 
EDTA 
KI 
NiCh6H20 
HCL (Cone.) 
Nutrient solution 
4340 
92-116 
670 
11-27 
g/l 
0,05 
2,00 
0,05 
0,5 
0,03 
0,05 
0,05 
2,00 
0,25 
1,00 
0,05 
0,05 
0,25 
1 ml 
5,00 
2,00 
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3.5 
Based on filtration, the COD of the apple waste water and apple concentrate was 
about 99 per cent soluble. Both the waste water and the concentrate were deficient 
in the principal inorganic nutrients i.e. nitrogen and phosphorus. These were 
supplemented by chemical addition, by adding 50 mg NH 4Cl and 10 mg K 2HP0 4 per 
1000 mgCOD to give an influent COD:N:P ratio of approximately 100:4:1. In 
addition to N and P, a trace metal solution as suggested by Zehnder and Wurhmann 
(1977) for enrichment cultures of methanogenic bacteria, was added to the feed. 
Detailed composition of this trace solution is given in Table 3.2. 
The pH of the batches of waste water and the diluted apple concentrate used as 
substrate feed generally were in the region of pH 4,6; i.e. highly acidic with little 
buffering capacity. To prevent the pH in the process from falling below the levels 
that inhibit methanogenesis, alkalinity was added to the influent. Addition of 1,6 
mg alkalinity as CaC0 3 per mgCOD caused the pH above the sludge bed in the 
reactor to stabilize around pH 7. 
Initially the substrate utilized was •synthetic• in that it was made up by diluting 
the apple concentrate with tap water to the required influent concentration as 
dictated by the selected organic loading and hydraulic retention time. Once the 
laboratory units had been acclimatized using apple concentrate, apple juicing waste 
water from the plant was substituted. 
The wast~ water was collected at the processing plant at Grabouw_, Cape Province, 
in SOl plastic drums, in batches of 600l and stored at the laboratory at 4 • C. The 
concentration of these batches fluctuate widely over the course of the production 
season, the COD ranging from 1500 to 4000 mgCOD / l. In this study concentrations 
of 1250, 2500 and 5000 mgCOD / l were selected to check the behaviour of the system 
under different concentrations and loadings; these were achieved either by dilution 
with tap water or supplementation with apple concentrate. 
4. ANALYTICAL METHODS 
Reactor performance was assessed by daily or occasional measurements of the 
following parameters: 
1. COD 
2. Gas production 
3. pH 
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3.6 .. 
4. short chain fatty acids (SCFA) 
5. Alkalinity 
6. TKN 
7. NH3-N 
8. p 
9. Total Dissolved Solids (TDS) 
Daily measurements were: COD, gas production, pH, SCF A and Alkalinity. 
Determinations of the COD were in accordance with •standard Methods• (1985). 
Reactor pH was, measured with a Radiometer type 80 pH meter. Gas production 
was measured by means of a wet gas meter (model No. DM3A, Alexander Wright, 
London). Short chain fatty acids were determined by gas chromatography using a 
Packard 418 equipped with a glass column (30" x t• OD x 4mm ID glass) containing 
60/80 Carbopack C/0,35 Carbowax 29 M/0,13 H3P04 (Supelco, Inc). The column 
temperature was 120° C with a nitrogen carrier gas flow rate of 20 ml/min and a 
flame ionization detector. To prevent some peak tailing (ghosting), the column was 
acidified with a 13 solution of formic acid in deionized water (injecting 5 µJ, into the 
column 10 times) before use. For measurement of SCFA, the sample was filtered 
through 0,45µ and acidified with 33 H3P04 such that the sample contained 0,33 
H3P04 (i.e. 1 ml 33 H3P04 to 9 ml sample). SCFA measured were acetic, 
propionic, isobutyric, n-butyric, 2 methyl butyric, 3 methyl butyric and n-valeric. 
The SCF A were identified and quantified by comparison of retention times and peak 
heights with those of known standards. 
i 
Alkalinity measurement deserves special mention. The alkalinity measured was the 
H2C0 3/NH4fH2PO 4/ Ac-/Pr- alkalinity, that is, it included alkalinity contribution of 
the mixed weak acid/base systems in addition to the carbonate system. The 
determination was done using the modified Gran titration for mixtures of weak 
acid/base systems as described by Loewenthal et al. (1989). TDS was measured to 
establish the ionic strength of the effluent, required in the alkalinity determination. 
Occasional measurements were: TKN, NH 3-N and P. Each time the loading was 
increased these parameters were measured in the effluent to determine whether these 
nutrients were present in sufficient concentration in the react.ors for biological 
growth. These tests were done according to Standard Methods (1985). 
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5. START-UP 
Different seeding sludges were used to start up the two systems. For the unit to be 
operated at 30° C, sludge from a clarigester treating glucose/starch waste at 30° C 
was used. This clarigester had, on occasion, produced a sludge that showed evidence 
of pellet formation; the sludge from the clarigester was fine and smooth in 
appearance. For the unit at 25° C, the seeding sludge was obtained from the first 
anaerobic pond treating the waste flow from the apple juicing factory; this sludge 
was coarse and contained some sand grains. The mean temperature in the pond 
during the production season was approximately 25° C. 
The two reactors were inoculated with 3l of the respective sludges, filling the 
reactors to a depth of about 400 mm. The sludges settled to form a well defined 
sludge bed which remained so even after the slow stirrer was switched on. 
To acclimatize the seeding sludges diluted apple concentrate was fed initially to each 
of the units, at a COD concentration of 500 mg/ l and a flow rate of 8 l/ d (i.e. 
loading 0,4 kgCOD/m3 reactor volume/d). Thereafter the load was increased step 
by step by maintaining the feed rate constant at 8l/d and increasing the feed 
concentration, until an influent COD of 2500 mg/l had been attained (i.e. 2 
kgCOD/m3/d). Throughout this period the slow stirrer was kept switched on. To 
check the necessity for the stirrers, on occasion these were switched off, but 
channeling developed for the reason that the gas production was so low that the 
sludge compacted at the bottom, and the compaction was uneven. 
Subsequent to each change of loading, the COD removal efficiency and gas 
production were monitored. When COD removal reached 90 per cent, or higher, it 
was assumed that the organism response had stabilized and the next increment of 
loading was applied. On average the systems were fully stabilized to the load 
increment within one week. 
When the loading of 2 kgCOD/m3/d (i.e. flow rate: 8l/d, COD concentration = 2500 
mg/ l) had been attained with the COD removal efficiency at 90 per cent or greater, 
it was accepted that the sludge biomasses were fully acclimatized to the waste; as at 
this highest loading the gas production had become appreciable and the stirrers were 
no longer necessary. The stirrers were removed from the reactors, thereby changing 
the systems from a semi-stirred process to a UASB process. 
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6. FEASIBILITY STUDY 
6.1 Operation 
Once the sludge masses, at 25 and 30° C, had adapted to the influent (as described 
previously) the feasibility study commenced. The average COD of the waste flow 
from the factory was estimated at approximately 2500 mg/ l and accordingly this 
concentration was selected to test the system responses. The influent was made up 
from the actual apple waste water. The fl.ow rate at the start of the study was 8l/d 
(loading = 2,2 kg.COD/m3/d). the load was increased every 7 days by 1,5 
kgCOD/m3/d i.e. on average a rate of load increase of 0,21 kgCOD/m3 every day, 
until the system showed signs of failure. 
Figures 3.3 and 3.4 show a record of the COD loadings versus time for the 25° C and 
30° C systems respectively ~ver the period of the study. 
In the early low loading stages the sludge masses in the reactors were in excess of the 
masses expected to be generated at steady state. The mass of sludge per se therefore 
was not of immediate concern but the changes in the nature and appearance of the 
sludges, in particular the possibility of sludge pelletization, was of importance. 
Accordingly the sludges were closely monitored visually. For each load the following 
parameters were measured: 
(1) In the influent: Unfiltered COD, SCFA and pH. 
(2) In the effluent : filtered COD, SCFA, pH and VSS concentration (as 
mgCOD/l). 
(3) Gas production. 
( 4) Sludge characteristics. 
6.2 System response 
In Figs 3.5 and 3.6 the COD removal vs loading and in Figs 3. 7 and 3.8 the biogas 
production versus loading are shown for the 25° C and 30° C systems respectively. 
SCF A concentrations in the effluent are not plotted as these were virtually 
non-detectable until the maximum loads were approached, see Table 3.3. 
COD removal was calculated from the influent COD and'filtered effluent COD. In 
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3.13 
order to have a •standard• reference, organic loadings were calculated in terms of 
the mass of substrate COD fed per day per unit total reactor volume (kgCOD/m3/d); 
these values would be conservative as the sludge beds occupied only one third to half 
the reactor volumes. A summary of the COD removal efficiencies, effluent filtered 
COD's, SCFA concentrations and pH, is given in Table 3.3. 
6.3 Short chain fatty acids (SCF A) concentrations 
Of the SCFA, when present in the effluent, only acetic and propionic acidst were 
detected at the organic loadings applied. Under stable conditions, at temperatures of 
25° C and 30° C, the concentrations of acetate and propionate essentially were 
non-detectable ( < 5 mg/ l) above the sludge bed for loadings of less than 7,5 and 12,5 
kgCOD/m3/d respectively. However as the loading was increased further (and the 
hydraulic time decreased) for the fixed influent concentration, so the SCF A 
concentrations increased, Table 3.3. 
6.4 Failure 
From the results in Table 3.3 and the plots in Figs 3.5 and 3.6 it is apparent that 
the systems commenced to show signs of failure at loadings of approximately 10 and 
15 kgCOD/m3/d, i.e. 30 and 45 kgCOD/m3 sludge bed volume/d, (COD : 2500 
mg/ l, flow rates 36 l/ d and 60 l/ d) at 25 and 30° C respectively. These results 
conform to the pattern of COD removal versus loadings observed in many studies on 
anaerobic digestion; that is, at low loadings the COD removal is high and remains 
so until above some maximum loading there is a rapid fall-off and failure of the. 
system is approached. The presence of propionate in the effluent, at the loadings 
close to maximum applied, serves as a good indicator that the systems were 
becoming stressed and hence tending towards instability. 
6.5 Biogas production 
Total gas productions were measured and adjusted to standard temperature and 
pressure (STP). Biagas production versus time, in the 25° C and 30° C systems, are 
shown in Figs 3.9 arid 3.10 respectively. With gas production a feature observed was 
the immediate response of the biogas production with increase or decrease in the 
tin this study the short chain fatty acids systems are referred to either as the SCF A 
system or as the salt of the SCF A, in both no quantitative description is implied as 
the relative concentration of acid and salt formed would imply pH specification. For 
example the propionic acid system and propionate system are used interchangeably 
so that the statements propionic acid concentration and propionate concentration , 
both refer to the sum of the propionic acid and its dissociated salt species. 
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organic loadings. This is illustrated in Fig 3.10, at day 47: a sudden decrease in 
loading from 2,3 to 1,6 kgCOD/m3/d caused biogas production to drop immediately 
from 9 to 7 litres per day. When a day later the loading was increased to 3, 7 
kgCOD/m3/d, the gas production increased to 11,9 l/d. The reactor at 25°C showed 
similar behaviour. 
Figures 3. 7 and 3.8 show the biogas production vs COD loadings for the 25° C and 
30° C systems respectively. The gas yields per kgCOD applied for the 25° C and 
30° C systems were 0,36 and 0,41 m3/kgCOD applied respectively. These were fairly 
constant throughout the study. 
Although the volumetric gas measurements are important for assessment of system 
response to biological conversion of the organic load, the gas quality is a better 
indication of the state of the system and also provides an indication of the energy 
content of the biogas. However, no facilities were available at that time to 
determine the C0 2/CH4 ratio. 
6.6 Biomass changes 
The sludge in the reactor at 30° C initially was very fine, whereas in the reactor at 
25° C initially the sludge was coarse with some sand present in it. As the organic 
loadings were increased, the sludge beds expanded and channeling and gas hold-up 
decreased. At organic loadings of approximately 5 kgCOD /m3/d, a higher fraction 
of the sludge, in the form of sludge debris, in both reactors was discharged from the 
beds to suspended sludge blank ts above the beds and in time the sludge blankets 
built up to the gas/liquid separator. These observations applied over the first ten 
weeks of operation when the loadings were below 5 kgCOD/m3/d. However, over 
this period a gradual change in the sludge consistencies, from very fine to a more 
•grainy' flocculated form took place. After this period there was a rapid change in 
the sludge morphology and rudimentary pellets became visible. At about 5 
kgCOD/m3/d pelletization of the sludge became prominent in both UASB systems. 
(Flow rate approximately 18 l/d). 
The process of pelletization, once started, was very rapid. Over a period of six to 
seven days roughly half the sludge bed was transformed into pellets, eventually 
pellets occupied a volume of about three litres of reactor, equal to the initial volume 
of sludge present at the start-up of the reactors. Flocculant sludge was still present 
in the upper portion of the sludge bed but it had good settling properties. 
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In the 30° C system· the first pellets that formed ranged in size from approximately 
0,5 to 2 mm in diameter to fine particles with different settling properties. In the 
25° C system the pellets varied in size from 0,5 to 4 mm; the core of the pellets 
consisted of sand grains which were present in the sludge during start-up - it would 
appear that the sand grains acted as nuclei and enhanced the granulation process. 
The organic loading appeared to influence the size of the pellets; as the loading 
increased, the pellet's size also increased. After eight months' operation (at loadings 
of about 28 kgCOD/m3/d) some of the pellets at the base of the reactors at 30° C 
had grown to 5 mm in diameter, the size of the pellets decreasing gradually with 
reactor bed height. The pellets were roughly spherical with well-defined surfaces. 
Almost no fine sludge particles were observed in the spaces between the pellets in the 
sludge bed. The pellets showed no propensity to attach to each other. The pellets 
were greyish-white in colour with a soft spongy consistency and broke up readily if 
handled; however, even with intense gasification the pellets did not appear to break 
up at depth in the beds; break up appeared to be confined to the upper layers of the 
beds. 
The volatile suspended solids (VSS) and total suspended solids (TSS) for the pellets 
in the reactors at 25°C and 30°C were 31,74 gVSS/l and 44,44 gTSS/l, and 36 
gVSS/l and 40 gTSS/l respectively. For the 25°C system the VSS/TSS was 0,71; 
this low value must be attributed to the presence of sand grains in the pellets. For 
the 30° C system in which the seeding sludge did not contain sand particles, the 
VSS/TSS ratio was 0,90. 
6. 7 Effiuent solids concentration 
The concentration of VSS in the effluent (expressed as mgCOD / l) were obtained 
from the difference between unfiltered and filtered effluent COD values. The VSS in 
the effluent stemmed principally from the fine debris particles in the sludge blanket 
above the sludge bed but some fine pellets also were buoyed into the sludge blanket. 
In this experimental study the magnitude of the effluent VSS concentration has little 
practical relevance because the solids/liquid separator was undersized compared with 
a separator in a full-scale plant. However it is worth noting the trends in the 
effluent VSS of Table 3.4. For both the 25° C and 30° C systems the effluent VSS 
concentrations showed approximately the same increase with decreasing hydraulic 
retention time for both the 25° C and 30° C systems. The increase was due 
principally to two factors: (1) With decreasing retention time (and increasing upflow 
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Table 3.4: Effect of Hydraulic Retention Time (HRT) on Effluent Solids 
Concentration (VSS measured as mgCOD l) with an Influent 
COD of 2500 mg/ l (difference between unfiltered and filtered 
effluent COD). 
HRT Loading rate Effluent solids concentration (mgCOD/l) 
(d) (kgCOD/m3/d) 25° c 3o·c 
24 2,5 24 24 
12 5,0 9 42 
8 7,5 48 52 
6 10,5 113 104 
Table 3.5: Response of 30° C system to a shock load. 
Loadings COD removal 
Days after shock (kgCOD /m3/d) (3) 
-20 to 0 ,.., 8 ,.., 93 
0 14,5 . 86,7 
1 9,7 86,1 
2 11,4 83,1 
3 11,5 82,0 
4 10,3 84,9 
5 9,2 88,4 
6 9,2 88,3 
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velocity) a larger quantity of fine particles were "pushed" out of the reactor, (2) the 
decrease in retention time was accompanied by an increase in load, increased gas 
production and a larger degree of turbulence. 
6.8 Sensitivity to shock l~ads 
A general impression from the study is that the UASB system is reasonably robust 
to shock loadings. The data in Table 3.5 for the 30° C system illustrate the ability of 
the system to accommodate shock loadings. Prior to the shock the reactor had been 
loaded at a rate of 8 kgCOD/m3/d for approximately three weeks. A shock loading 
was then applied, almost doubling the load to 14,5 kgCOD/m3/d for 24 hours, by 
increasing the COD concentration but keeping the flow rate constant. The load was 
then reduced to approximately 10 kgCOD/m3/d. From Table 3.5 the reduction in 
COD removal efficiency caused by the shock load was almost negligible. 
6.9 Temperature sensitivity 
The comparative treatment capacity at 25° C and 30° C appears to be in accord with 
the reported temperature sensitivity of mesophilic anaerobic processes. Henze and 
Harremoes (1983), in reviewing data on the temperature dependency, found that in 
the range 10° C to 30° C the relationship between the process rate, r, at temperatures 
Tl and T2 may be expressed as: · 
= eK(Tl-T2) (3.1) 
where K = 0,10/degC. 
For the 25° C and 30° C systems, 
_ r . e0,1 · (25-30) 
- 30 
-:- 0,61 r30 
If the maximum loading capacity is accepted as being proportional to the rater then 
the capacity at 25° C should be 61 per cent of that at 30° C. The experimental 
maximum capacity at 25° C was approximately. (10/15) = 67 per cent of that at 
3o·c. 
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7. INFLUENT COD CONCENTRATION/FLOW INTERACTION 
The feasibility study had accepted that the mean influent COD concentration as the 
average concentration expected at the plant i.e. 2500 mgCOD/ l with the incremental 
load of 1,5 kgCOD/ml/d applied every week the maximum loadings the UASB 
system at 25° C and 30° C were determined. It was now important to establish if the 
maximum loading is influenced by the influent COD concentration. As no 
background information was available on this aspect it was decided to approach the 
problem in an incremental way. In the first experiment increasing the influent 
concentration from 2500 to 5000 mg/ l was to be tested. For comparative purposes 
the volume of the sludge bed was maintained at 3l, as before. Increase in COD load 
was to be in increments, commencing at 2500 mgCOD/l. To start the experiment in 
both the 25° C and 30° C systems the flow rates were reduced to half the maximum 
values, from 36 to 18 l/d (25° C) and 60 to 30 l/d (30° C) respectively. Thus with 
the initial influent COD concentration at 2500 mg/ l, the load was reduced to half 
the maximum loading achieved previously. The loading was now increased in steps 
by increasing the COD concentration by 500 mgCOD / l every 9 days and keeping the 
flow rate constant, hence, approximately 5 steps were required to increase the COD 
concentration from 2500 to 5000 mg/ l, on average giving over the period a load 
increase per day of 0,22 kgCOD/m3, approximately the same as before. When the 
concentration reached 5000 mg/ l the loadings on the systems were again the same as 
the maximum with influent CO D's of 2500 mg/ l. The COD removal vs loadings of 
the systems are shown in Figs 3.11 and 3.12 for the 25°C and 30°C respectively. 
The SCF A concentrations at the various loadings are given in Table 3.6. Comparing 
COD removal plots and the effluent SCFA in Table 3.6 with the corresponding ones 
obtained with a constant COD concentration of 2500 mg/ l, the responses are closely 
similar for each temperature up to the maximum loadings of 10 and 15 kgCOD/ml/d 
at 25° C and 30° C respectively. At the maximum loadings the systems again showed 
signs of failure. It would seem that the influent COD concentration did not 
influence the maximum loadings. 
To check the conclusion above, the performance of the 30° C UASB system only was 
tested with the influent COD concentration reduced to 1250 mg/l. The initial flow 
rate was retained at 60l/ d giving a starting load of half the maximum attained 
previously. The organic loading was then increased in steps by increasing the 
influent flow rate (10l every 4 days) to give a load increment of 1,38 kgCOD/ml/d 
every 6 days or over the period an average increase every day of 0,23 kgCOD/m3. 
The COD removal versus loadings is shown in Fig 3.13 and the steady state 
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Fig 3.13: Effect of organic loadings on organic removal efficiency; fixed influent 
COD; variable flow rate (temperature = 30° C; influent COD = 1250 
mg/{)'. , 
Table 3.7: Steady state operating results for UASB reactors at 
30~C with influent OOD concentration of 1250 mg/l. 
Loading Rem OOD pH HAc HPr 
kgCOD/m3/d % mg/.l mgHAc/ .l mgHPr/l 
8,8 88,6 165 7,36 30 24 
13,0 88,4 154 7,35 20 11 
16,0 89,7 144 7,35 11 11 
21,7 90,9 112 7,25 11 11 
23,6 84,5 191 7,42 22 18 
26,5 81.8 227 7,39 50 35 
30,6 77 ,7 278 7,32 70 50 
Rem OOD removal efficiency 
COD filtered. effluent COD concentration 
HAc Effluent acetic acid concentration 
HPr Effluent propionic acid concentration 
pH pH measured. from the settler 
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operating results are shown in Table 3.7. Up to a loading of 22 kgCOD/m3/d the 
COD removal was 90 per cent. The maximum loading applied was 30,6 
kgCOD/m3/d (flow rate: 220 l/d) but the COD removal declined to about 78 per 
cent. The system was kept in operation at the maximum loading for three weeks 
and it maintained a stable state over this period. Thus with an influent COD of 
1250 mg/ l the maximum loading on the system had increased to about twice that 
attained at influent CO D's of 2500 and 5000 mg/ l. Furthermore at a COD 
concentration of 1250 mg/ l the COD removal was virtually independent of the 
loading up to 22 kgCOD/m3/d and also of the hydraulic time (HRT) for HRT as low 
as 1 hr (see Fig 3.14). 
The disproportionately higher maximum loading at 1250 mgCOD / l influent, 
compared to those attained at 2500 and 5000 mgCOD / l, raised the question as to 
whether the maximum load perhaps was influenced by the rate of load increas~. To 
check ~his the loading was reduced to approximately half the maximum (from 29 to 
15 kgCOD/m3/d) by reducing the flow rate from 220 to 60 l/d and increasing the 
COD concentration from 1250 to 2500 mg/ l. The sludge bed volume was still at 3l. 
The loading of 15 kgCOD/m3/d was now approximately the same as the maximum 
loading previously attained at 2500 mgCOD/ l influent. It was now observed that at 
this loading the system showed no sign of failure. The loading was increased at an 
incremental loading of 0,5 kgCOD/m3/d every 4 .days (0,125 kgCOD/m3 every day 
on average) compared to the previous incremental load increase of 0,21 kgCOD/m3 
every day on average at influent COD of 2500 mg/ l. With this reduced rate of 
incremental loading, over a period of 3 months, stability was maintained even though 
the maximum loading applied had increased to 28 kgCOD/m3/d. (Flow rate: 92 l/d, 
HRT: 2,3 h). At this maximum loading the COD removal remained at 95 per cent, 
with no sign of failure. 
The experiment was repeated at influent COD concentration of 5000 mg/ l. The 
loading was increased from 13,5 kgCOD/m3/d at increments of 0,5 kgCOD/m3/d 
every 3 days (0,167 kgCOD/m3 every day on average). At this rate the load on the 
system was increased to 28 kgCOD/m3/d over a period of about four months. Again 
at this maximum loading the removal was maintained at about 95 per cent, the 
system operated in a stable state with no sign of failure. 
From the two experiments above it would appear that provided the rate of increase 
in load is kept sufficiently low, the same high loading, with stable operation, can be 
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achieved irrespective of the influent concentration. It would appear, therefore, that 
provided the increase in loading is applied at a sufficiently slow rate, the maximum 
loading and the efficiency of COD removal at any loading below the maximum, is 
not influenced by either the influent COD concentration or the flow rate (or 
equivalently the hydraulic retention time). 
8. CONCLUSIONS 
The following specific conclusions may be itemized from the results obtained in the 
this feasibility study: 
1. Apple juicing waste water is amenable to treatment by the UASB system at 
temperatures less than optimal (25° C and 30° C). 
2. The COD of the waste water, based on filtration, was 99 per cent soluble with 
short chain fatty aci.ds (acetic and propionic acids) comprising approximately 5 
per cent of the COD influent. The remainder is made up principally of sugars. 
3. The waste water is deficient in the elements nitrogen and phosphorus. These 
elements must be supplemented through chemical addition in order to achieve 
complete anaerobic treatment. 
4. The waste water is acidic with little buffering capacity. The pH is in the range 
4,5 to 5,5. Alkalinity addition, to increase the buffer capacity, must be added to 
the waste prior to treatment. Addition of 1,6 mg alkalinity as CaC03 per 
mgCOD influent was sufficient to maintain the pH in the UASB reactor above 
the sludge bed close to 7. 
5. The maximum loadings attainable is dependent on temperature. Under the same 
condition of loading increments (average 0,21 kgCOD/m3 every day) the 
maximum loadings at 30° C and 25° C were 15 and 10 kgCOD/m3/d respectively 
(i.e. 45 and 30 kgCOD/m3 sludge bed volume/d respectively), i.e. they were in 
the ratio of 1,5: 1. 
6. At 30° C the maximum loading attainable was shown to be dependent on the 
rate of increase of the load. If the loading is increased by too large increments or 
too short time increments the system will fail at loadings well below the 
maximum possible. 
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7. If the incremental load increase is sufficiently low (average 0,125 to 0,167 
kgCOD/m3 every day) then for loading up to the maximum applied (28 
kgCOD/m3/d) the COD removal appeared to be virtually independent of both 
concentration- and hydraulic retention time. At maximum loading of 28 
kgCOD/m3/d, at influent COD of 2500 to 5000 mg/l, the COD removal was 
above 90 per cent. At influent COD of 1250 mg/l, the COD removal was 90 per 
cent up to loading of 22 kgCOD/m3/d. At COD loadings below the maximum 
the COD removal was independent of loading. 
8. Pelletization of the sludge occurred with the apple juiciilg waste 'Yater and was 
observed in both reactors at 25° C and 30° C. The size of the pellets ranged from 
5 mm at the bottom of the bed to 0,5 mm at the top; as the loading increased 
the pellet sizes ·also increased. 
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CHAPTER4 
PRODUCT FORMATION 
1. INTRODUCTION 
Chapter Three reported on the study to determine whether apple juicing waste could 
be treated in a UASB reactor. The study in effect followed the procedures normally 
applied with completely mixed systems, by monitoring only the influent COD, TKN, 
pH and alkalinity, the reactor VSS and the effluent COD, VSS, short chain fatty 
acids (SCF A), alkalinity and pH. Alkalinity was added to the influent to raise the 
pH of the feed from 5,5 to about 7,5 thereby assuming that the effluent pH would be 
about 7 and presuming that the pH in the reactor also would be in the neutral range. 
Visual observations of the pelletized bed indicated that there was very little 
intermixing between the upper and lower layers of the bed, that is, the movement of 
the fluid through the reactor very likely followed a plug flow or near plug flow 
mixing regime. If this was so then the possibility existed for partial separation of 
the dominant phases in anaerobic fermentation, principally acidogenesis in the lower 
zone of the sludge bed, with acetogenesis and methanogenesis in the upper zone of 
the bed. Such a phase separation could be traced by product formation such as 
SCFA, pH changes, along the line of flow. 
By studying the product formation it was thought that a more detailed picture 
would emerge of the bed processes and their interactions. There is a precedent for 
this in past work, by considering a completely mixed anaerobic system operating 
under steady state and then subjected to a step increase in loading: 
In a completely mixed anaerobic system operating at steady state under some 
selected sludge age, a normal feature is that the hydrogen partial pressure is 
maintained at a low level and the pH near neutrality. Acidogenesis converts the 
substrate, for example a carbohydrate, to mainly acetic acid, hydrogen and 
carbon dioxide; butyric acid also can be produced in small concentration. 
Methanogenesis produces methane from acetic acid and hydrogen. By utilizing 
the hydrogen, the methanogenic organisms are principally responsible for keeping 
the hydrogen partial pressure at a low level. Because the acetic acid is virtually 
completely converted to methane, the overall acidity and alkalinity changes are 
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small, and the pH will tend to remain stable. 
When there is a step change increase in the loading on the system above, then a 
higher food/microorganism ratio or equivalently a lower sludge age is imposed. 
At this higher loading, if the hydrogen and acetate utilizing methanogens convert 
the hydrogen and acetate only partially, the hydrogen partial pressure and 
acetate concentration will increase. This can have two effects: (1) The pH will 
tend to decline, the magnitude of the decline depending on the excess mass of 
acids generated and the buffering capacity of the system, and (2) the hydrogen 
partial pressure (pH2) will increase; if this increase is sufficiently high (pH2 > 
lQ-4 atm) a shift in product formation takes place, from principally acetate (with 
butyrate in minor concentration) to acetate and propionate as the principal acids 
(and butyrate as a minor acid). 
If the pH remains near neutrality both the hydrogen and acetate utilizing 
methanogens will continue to produce methane. However propionate and 
butyrate cannot be utilized by the methanogens, hence methane production is 
reduced and the effluent now contains propion te and butyrate. Consequently 
even though the load has increased, the rate of sludge production may not do 
likewise. In any event recovery to a low pH2 state is likely to be slow; recovery 
will be speeded by not wasting sludge for a period until the sludge mass has built 
up to that cons.istent with the steady state sludge age previously operative but 
now under the higher loading. However it bears repeating that, provided the pH 
is maintained near neutrality the system can operate in a quasi-stable state, but 
at a reduced efficiency. 
The pH may decline with a step increase in loading; this would happen if the 
buffering capacity of the system is insufficient to counter the effects of increased 
propionic, butyric and acetic acid concentrations. With decline of the pH to 
below about pH 6,6, the methanogenic organisms are increasingly inhibited, 
causing even higher concentrations of acetic, propionic and butyric acids, thereby 
further tending to depress the pH. Eventually the methanogenic reactions stop 
completely and the process fails. 
From the description above the imposition of a step increase in loading to a 
completely mixed system gives rise to a transient state during which the relative 
magnitudes of products formed change with time subsequent to the step change until 
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a new. steady state is established. An analogous transient state in space is 
introduced by having a plug flow regime even though the state at any level in the 
bed may remain steady in time. In the literature there appears to have been no 
enquiry into the existence of such a space transient in the sludge bed of a U ASB 
system - only end products from the system have been widely reported. 
Accordingly it was decided to: 
(1) Investigate product formation and pH changes along the line of flow in a 
UASB system treating the apple juice waste water. 
(2) Determine whether the UASB system behaves as a plug flow system in 
which there is a measure of separation of the fermentation processes. 
(3) Identify the various biochemical processes taking place in the bed from the 
product formation. 
2. MATERIALS AND METHODS 
In this experiment the laboratory scale UASB reactor, described in Chapter 3, was 
used. 
The last experiment, described in Chapter 3,. dealt with the determination of the 
maximum stable loading using the apple juice waste water as substrate. The 
maximum loading imposed was: influent concentration 2500 mg/ l, flow rate 92 l/ d 
(i.e. loading 28 kgCOD/m3 reactorid). Under this loading the effluent quality 
indicated a 95 per cent COD removal with virtually no short chain fatty acids 
(SCFA) and a pH around 7,2 - the system operated efficiently and was in a stable 
state. 
In this experiment the same loading was retained but the substrate was changed 
from apple juice waste water to diluted apple concentrate. The amount of alkalinity 
added to the substrate feed was 3,2 mg alkalinity as CaCQ3 per mgCOD. Trace 
element solution (3 ml), and NH3-N and P nutrient solution (50 ml) were added per 
litre of feed. Detailed composition of these solutions are given in Table 3.2, Chapter 
3. Operating details are summarized in Table 4.1. 
At the start of the experiment the volume of pelletized sludge was three litres. The 
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Table 4.1: Operating data for U ASB process with apple concentrate as influent. 
Influent COD concentration 
Volumetric :flow rate 
Nominal velocity of flow in reactor 
Hydraulic retention time 
Organic loading 
Operating temperature 
Influent total alkalinity 
Influent pH 
Free and saline ammonia (NH3-N) 
2 600 mgCOD/l 
92 l/d 
0,81cm/min 
2,35 h 
26,6 kgCOD/m3 reactor/day 
3o·c 
8 387 mg/las CaC03 
8,25 
65 mgN/l 
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bed volume was allowed to build up to the 6l level and thereafter maintained at this 
level by wasting the excess volume of bed material each day. 
The system was operated for about a month within which time the bed had increased 
to the set volume of 6l. Each day the soluble COD, TKN, NH3-N and pH were 
measured on the influent and effluent. Effluent VSS and gas production were also 
measured daily. The effluent VSS was determined by the difference between the 
unfiltered and filtered COD. Daily wastage of the pelletized bed, to maintain a 6l 
volume, was analyzed for VSS, COD and TKN. 
With the sludge volume at 6l, when the effluent parameters indicated steady state, 
samples were taken at fourteen different ports, eleven of these from ports along the 
length of the reactor, starting from the uppermost port; a further three samples 
taken from the influent and effluent buckets and from the settler. The sampling 
ports are shown in Fig 3.1, Chapter 3. The filtered samples were analyzed for: 
{1) COD 
{2) Free and saline ammonia 
(3) Total Kjeldahl nitrogen (hence organic nitrogen from the difference between 
TKN and NH 3-N). 
{4) The H2C0 3/NH4/H2PO ·;J Ac-/Pr- alkalinity as described in Chapter 3. 
(5) Short chain fatty acids, acetate, propionate, butyrate etc. as described in 
Chapter 3. 
{6) pH. 
Samples from the eleven sampling ports down the reactor were taken by means of a 
special device that allowed the pH to be measure\! without loss of dissolved gases. 
The sampling device is shown schematically in Fig 4.1. After pH had been measured 
the sample was decanted carefully leaving the pelletized sludge. When all the 
samples had been decanted the pelletized sludge was returned to the reactor. Each 
of the decanted samples was filtered through Whatman's No.42 filter paper and 
tested for •soluble* COD, NH 3-N and TKN. Part of the filtrate was filtered further 
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1------- Uno to pH motcir 
.---~1-------- A Ir vcint 
---+------- Samphr ontgrs apparatus 
~ Apparatus hg)d airtight 
1-~1-----pH 12lectrode 
L...L~L-L-...L-L.-L.-L....L....L...L..L.LLL....1----- Cy 1 I ndr I ca I apparatus (Pgrspgx) 
Fig 4.1: Sampling vessel. 
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through 0,45µm filter and analyzed for short chrun fatty acids. 
3. RESULTS 
3.1 Reactor profiles 
Profiles of the parameters soluble COD, propionate, acetate, NH 3-N, organic 
nitrogen, alkalinity and pH measured along the line of flow in the reactor are shown 
in Figs 4.2( a, b and c ). From Fig 4.2 the profile indicates 3 zones of behaviour 
designated as follows: 
(1) a lower active zone 
(2) an upper active zone, and 
(3) an upper inactive zone. 
The upper bound of the lower active zone is defined by the bed level at which the 
\, 
propionic acid concentration attains a maximum. The upper bound of the upper 
active zone is defined by the bed level where the propionic and other acids, COD and 
organic ammonia attain stable minimum levels. Above this level stretches the upper 
inactive zone in which virtually no biokinetic growth takes place - the sludge bed in 
this zone is by and large surplus, serving as a buffer to accommodate any 
perturbations in the loading. Approximately the bed volumes of the three zones 
were respectively 2, 3 and 1 l. 
In the lower active zone: 
• propionic acid concentration increases to a maximum, to 156 mg/ l; 
• acetic acid concentration also increases to a maximum but at a slower rate than 
the propionic acid, to 121 mg/ l; 
• total soluble COD reduces to more than half its initial value, to 1 206 mg/ l; 
• free and saline ammonia (NH3-N) concentration drops sharply to a near 
minimum, to 27 mg/ l 
• organic nitrogen concentration increases sharply to a maximum, to 49 mg/ l; 
• alkalinity decreases to a minimum, to 8 181 mg/las CaC0 3; 
• pH declines from 8,10 to 7,07. 
In the upper active zone: 
• propionic acid concentration decreases to a minimum, to zero mg/ l; 
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• acetic acid concentration does likewise, to 6 mg/ l; 
• total soluble COD reduces further, to a stable minimum value, to 240 mg/ l; 
• free and saline ammonia (NH3-N) concentration remains virtually constant, at 22 
mg/l; 
• organic nitrogen concentration decreases to a stable minimum value to 20 mg/ I:, 
• alkalinity increases to a stable value of 8 317 mg/las CaC0 3; 
• pH increases to a stable value of 7,38. 
In the lower active zone, the profile of increasing propionic acid concentration 
implies that the hydrogen partial pressure (pH 2) is high (from the earlier description, 
a high hydrogen partial pressure gives rise to propionic and acetic acid generation). 
The increasing profile in the short chain fatty acid concentrations implies a 
progressive reduction in alkalinity and increase in acidity - these would cause the 
decline in the pH. The pH did not fall below 6,6 a value which does not inhibit 
methanogenesis. The decreasing profile of the total soluble COD concentration 
(which includes the COD of short chain fatty acids) indicates that methane is 
generated. An unexpected behaviour pattern is the increase in organic nitrogen, 
concomitant with the decline in free and saline ammonia. 
In the upper active zone, the acetic and propionic acid concentrations commence to 
decrease. The decrease in propionic acid implies that the pH2 has declined to such a 
low value (pH2 < 10411 atm) that propionic acid is being converted to acetic acid by 
acetogenesis. The reduction in pH 2 must have commenced in the lower active zone, 
achieving the required minimum value at the point where the propionic acid 
concentration is a maximum. Consequently the propionic acid, generated in the 
lower active zone, is being converted to acetic acid and hydrogen in the upper active 
zone, and these in turn are converted to methane via methanogenesis. The decreases 
in propionic and acetic acids in the upper active zone reduce acidity and increases 
alkalinity; these in turn cause the pH to rise. 
The behaviour, with regard to acid and methane production and pH described above, 
is consistent with the present understanding of anaerobic fermentation. However, 
the generation of organic nitrogen in the high pH2 region cannot be explained in 
terms of normal anaerobic fermentation biochemistry. 
3.2 Pellet growth and decay:· 
At the start of the experiment no sludge was wasted from the bed in order to 
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determine the influence on the bed mass. Initially the bed mass built up rapidly but 
gradually the build-up rate declined; when the bed mass had increased to 6l, to 
prevent direct loss of the bed material via the effluent, it was necessary to waste 
approximately 250 to 300 ml of bed material per day. 
The pellet size varied up the reactor, being largest at the bottom, about 2-5mm 
diameter, and smallest at the top, about lmm diameter. Measurements on the bed 
material gave the following information: mean bed density = 37 000 mgVSS/ l:, 
COD/VSS = 1,23 mgCOD/mgVSS and TKN/COD = 0,09 mgN/mgCOD. Despite 
the turbulence of the gases passing through the bed, there was no observable mixing 
of the pellet layers. As the bed mass increased, fine particles were ejected 
increasingly from the bed into the region above to form a suspended sludge blanket. 
This blanket increased in depth until it extended to the effluent discharge level, 
whereafter it continuously discharged with the effluent at approximately 118 
mgVSS/l 
3.3 Sludge age for the system: 
Estimation of the sludge age of a UASB system is not as straight forward as for a 
completely mixed aerobic system. In the latter system, using the method of 
hydraulic control of sludge age, a fixed volume of mixed liquor is wasted every day, 
whereupon the sludge age (Rs) is defined as: 
volume of reactor 
volume wasted/d 
(4.1) 
This estimation presumes no VSS in the effluent. Usually in aerobic systems the loss 
of VSS in the effiuent is so small that it can be neglected. 
In a completely mixed anaerobic system a more acceptable estimation is: 
mass of sludge in reactor 
mass of sludge w asted/d + mass of sludge in effluent/cl 
(4.2) 
In a plug flow anaerobic system the estimation given above is subject to one major 
difficulty: The density of the sludge bed increases with bed depth so that the mass 
of sludge usually is not known precisely except if the whole sludge bed is drained and 
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sampled. 
In order to obtain a reliable estimate of R the whole bed was drained and sampled. 
s 
The mean bed density was 37 000 mgVSS/ l. 
A number of determinations were made on the mass of sludge wasted per day and 
the mass of fine particles in the effluent. The sludge age was calculated as follows: 
Mass of sludge wasted 
Mass of fine particles in the effluent 
i.e. Total mass of sludge wasted 
Now the sludge age can be calculated from Eq ( 4.2): 
37 000·6 
----
20 106 
= 11 days. 
3.4 Volatile mass yield 
= 250·37000/1000 
= 9 250 mgVSS/d 
= 118·92 
= 10 856 mgVSS/d 
= 20 106 mgVSS/d. 
In the single reactor the net VSS production was 20 160 mgVSS/d. The mass of 
COD removed was: (2633-176) · 92 
= 226044 mgCOD/d 
VSS produced/day 
Hence the VSS yield 
- ---------
mass of COD removed/cl 
20106 
----
226044 
mgVSS 
= 0,09 
mg COD removed 
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This VSS yield value is close to the sludge yield value of 0,093 mgVSS/mgC'OD 
removed reported by Hulshoff Pol et al. (1984) for a UASB system using mainly 
sucrose as substrate. 
4. TWO-IN-SERIES REACTOR SYSTEM 
In the previous section, the observations with regard to the sludge bed were, (1) the 
pellet layers do not mix, (2) the pellet sizes tend to decrease in an upward direction, 
(3) the bed grows to a stable maximum mass and ( 4) there is a loss of pellet 
fragments from the bed. These observations led to the conclusion that the pellets 
grow in the lower active zone of the bed and undergo some form of break-up in the 
higher zones and are lost in the form of fines in the effluent. When the bed mass is 
small the rate of generation of pellets exceeds the rate of break-up. As the bed mass 
grows the rate of break up will increase until eventually a stable mass is established 
in which the rate of generation equals the rate of loss from the sludge bed. In order 
to test the conclusions made above on pellet growth and decay an experiment was 
set up as follows: 
The lower active zone of high H2 partial pressure (high pH 2) was separated from the 
upper active and inactive zones of low H2 partial pressure by operating a 
two-in-series reactor system. A UASB reactor of the same diameter as the existing 
reactor, but having a volume of 3l, was placed upstream, and operated in series, with 
the existing U ASB reactor. Pelletized sludge was withdrawn from the existing 
reactor up to the level defining the lower active zone and seeded into the new 
reactor, approximately 2l. In this fashfon the 3l reactor should behave like a high 
pH2 reactor. The influent feed entered this rector and the overflow was fed to the 
existing reactor via a peristaltic pump. The existing reactor now served as a low pH2 
reactor. The general layout of the two-in-series reactor system is shown in Fig 4.3. 
Using the same substrate (diluted apple concentrate), the system was operated under 
the same loading (i.e. COD concentration: 2600 mg/ l; flow rate: 92 l/d) as that 
applied to the single U ASB reactor. The same parameters were tested as before. 
4.1 Behaviour of the high :PH2 reactor 
The high pH2 reactor immediately showed a rapid growth rate of pellet mass. To 
maintain a constant bed volume of 2l in this reactor, 700 ml of pelletized sludge had 
to be removed daily. The effluent contained virtually no fines (no VSS). Tes.ts on 
the excess sludge mass and the whole sludge bed indicated that the bed density was 
uniform. Accordingly the sludge age could be formulated as follows: 
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Volume of sludge in reactor 
Volume of excess sludge f ormed/d 
:. Rs = 2,0/0,7 
= 2,9 days. 
The pellets generated were relatively uniform in size, about 2-3 mm in diameter. 
The volatile specific mass yield in the high pH2 zone can be calculated as follows: 
Volatile specific yield 
(Vol of sludge wasted)(VSS of sludge) 
0,7·28860 
-------
(2703-2175)·92 
= 0,42 mgVSS/mgCOD removed. 
(4.3) 
This specific yield value is about 5 times greater than that observed with the single 
UASB reactor. 
4.2 Behaviour of the low pH2 reactor 
In the low pH 2 reactor (initial bed volume 4£), receiving the effluent from the high 
pH2 reactor (but not the sludge generated in the high pH2 reactor), the mean pellet 
size continuously decreased; after 3 weeks operation, the pellet size had decreased 
from the initial 1-2 mm mean diameter to less than 0,2 mm. The sludge bed volume 
also declined by about 800 ml Concomitantly the suspended sludge blanket above 
the bed showed a gradual increase in VSS concentration. During this period the 
effluent discharge from the low pH2 reactor remained relatively clear with virtually 
no suspended volatile solids present (whereas in the single reactor system, suspended 
solids were lost continuously via the effluent). The retention of the suspended solids 
probably was due to two effects, the larger volume of liquid above the sludge bed in 
the low pH2 reactor, and the reduced turbulence due to the decrease in gas 
production, these two allowing a higher concentration to develop in the suspended 
blanket. 
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4.3 Two-in-series reactor concentration profiles 
The concentration profiles for the two in-series reactor system are shown in Fig 
4.4 (a, band c). From Fig 4.4 in the first reactor (high pH2 reactor): 
• propionic and acetic acids increase to maximum values of 511 and 480 mg/ l 
respectively within the sludge bed; 
• soluble COD reduces from 2703 to 2175 mg/l only; 
• free and saline ammonia (NHa-N) concentration decreases to a minimum, to 23 
mg/l; 
• organic nitrogen concentration increases to a maximum, to 28 mg/ l:, and 
• pH declines from 8,10 to 7,01. 
· In the second reactor (low pH2 reactor): 
• propionic and acetic acids decrease to minimum values of 22 and 30 mg/ l 
respectively; 
• soluble COD reduces to about 240 mg/ l; 
• free and saline ammonia (NH3-N) concentration is reduced by only 4 mg/ l i.e. 
from 23 mg/ l to 19 mg/ l and thereafter remains constant; 
• organic nitrogen concentration increases to a maximum from 13 to 41 mg/ l at 
the bottom of the reactor and then decreases to a stable value of 10 mg/ l; and 
• pH increases to a stable value of 7,35. 
The concentration profiles of the two-in-series reactor system show similar trends to 
those of the single reactor system except that in the two-in-series system a peak in 
the organic nitrogen is observed at the bottom of the low pH2 reactor. 
5. ALKALINITY 
An aspect that will have important implications on the success of a UASB system is 
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the alkalinity requirement of the system. In a U ASB system treating a 
carbohydrate-type substrate, phase separation into high and low H2 partial pressures 
takes place. In the high pH2 region there is a loss of alkalinity principally due to the 
generation of short chain fatty acids. In the single UASB reactor system studied 
here the influent alkalinity was 8387 mg/las CaC0 3 (i.e. ALK/COD = 3,2 mgALK 
as CaCOa/mgCOD influent). The total alkalinity declined to a minimum of 8181 
mg/ l at the point where the short chain fatty acids peaked, that is, there was a 
consumption of 206 mg/las CaC0 3. However in the low pH 2 region virtually all the 
alkalinity lost was recovered to give an effluent alkalinity of 8317 mg/ l as CaC0 3. 
The small net loss of alkalinity (70 mg/las CaC0 3) was that due to organic nitrogen 
formation from the dissolved ammonia. Thus although there were significant 
changes in alkalinity in the bed, there was virtually no net consumption of alkalinity 
by the system between the influent and effluent. In this regard the UASB system 
has quite different alkalinity requirements from that of a completely mixed anaerobic 
system. In the latter system the alkalinity requirements are relatively small because 
there is no accumulation of SCF A, whereas in the former system the space transient 
generation of SCF A require appreciable alkalinity to counter pH changes in the high 
pH2 zone. 
A critical factor in maintaining stability in a UASB system will be the pH: In the 
high pH2 zone, should the pH decline to too low a value, methanogenesis could be 
inhibited, inducing an even more acidic state, which will spread upward through the 
bed and eventually cause partial or complete failure of the system. Consequently, 
for successful operation of a UASB system, it is important that the buffering 
provided in the influent is sufficiently large to ensure that the pH profile does not 
show a decline below a minimum value of about pH 6,6. The higher the substrate 
concentration concomitantly the higher will be the alkalinity changes and hence the 
higher the alkalinity provision in the influent will need to be. The sole function off 
the alkalinity provision in the influent is to prevent undue pH decline in the high 
pH2 zone. 
Judging from the alkalinity requirements per influent COD, in this investigation, 
with strong wastes the alkalinity requirements will be high. To reduce the alkalinity 
requirement, consideration should be given to recycle the effluent to the influent. 
The effluent will contain alkalinity and by recycling the alkalinity /COD ratio of the 
influent will be increased. In full scale plants the alkalinity problem possibly would 
be ameliorated to some degree by intermixing effects due to the difficulty of ensuring 
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perfect plug flow conditions. 
6. CONCLUSIONS 
The following conclusions are drawn from the study: 
{1) The single UASB system appears to operate as a plug flow system. For a 
carbohydrate-type waste three regions are identified within the sludge bed: 
(i) A lower active zone: In this zone short chain fatty acids (acetic and 
propionic acids) concentrations rise to a maximum - the bed level at 
which the peaks occur defines the upper limit of this zone; free and 
saline ammonia (NH3-N) concentration reduces to a minimum and 
soluble organic nitrogen concentration increases to a maximum; the 
soluble COD reduces to about half its influent value; alkalinity and 
pH decline to minimum values. 
(ii) An upper active zone: In this zone the soluble COD concentration 
reduces to a minimum; the propionic and acetic acid concentrations 
decrease to near zero - the bed level at zero acids concentrations 
defines the upper limit of this zone; NH3-N concentration remains 
near constant and soluble organic nitrogen decreases to a minimum; 
alkalinity and pH increases to stable values. 
(iii) An upper inactive zone: This zone extends above the upper active 
zone to the top of the bed; no overt biokinetic reactions are 
observed except for pellet breakup, the debris being discharged as 
organic fines into the suspended blanket above the bed. 
In the lower active. zone the - continuous increase in propionic acid 
concentration indicates that the rate of generation and the rate of utilization 
of hydrogen is such that a high pH2 is maintained. Indeed the lower active 
zone can be said to terminate at the bed level where the pH2 falls to such a 
low value that the· acetogens can convert the propionic acid to acetic acid, 
hydrogen and carbon dioxide. This conversion, of the propionic to acetic 
acid, indeed is observed in the upper active zone providing supporting 
evidence that it is a low :PH2 zone. Throughout the two zones the 
methanogens convert the acetic acid and hydrogen plus carbon dioxide to 
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methane. 
(2) In the single UASB system operating at a sludge age of 11 days the mass of 
COD removed was 226 000 mgCOD/d and the mass of VSS produced was 
20 160 mgVSS/d, giving a specific yield of 0,09 mgVSS/mgCOD removed. 
This yield value is similar to that reported for a UASB system fed with 
sucrose as substrate (Hulshoff Pol et al., 1984). In the two-in-series UASB 
system, in the high pH2 reactor operating at a sludge age of 2,9 days, the 
mass of COD removed was 48 576 mgCOD/d and the mass of VSS produced 
was 20 202 mgVSS/d, giving a specific yield value of 0,42 mgVSS/mgCOD 
removed. 
The VSS production in the high pH2 reactor was identical to that in the 
single U ASB system under the same loading. This indicates, firstly, that all 
the VSS production took place in the high pH2 zone and, secondly that there 
appears to be little or no solubilization (i.e. no decay) of the VSS produced 
in the high pH2 zone. The VSS yield in the high pH2 zone (i.e. 0,42 
mgVSS/mgCOD removed) is 14 times gre ter than normally reported for 
anaerobic fermentation processes (0,03 mgVSS/mgCOD removed). 
(3) Pellet formation took place in the high pH 2 zone with virtually no fines 
produced. Pellet break-up occurred in the low pH2 zone with substantial 
fines production. Pellet size in the high pH2 reactor was 2-3 mm in diameter 
whereas in the low pH2 reactor the pellet size decreased from an initial mean 
diameter of 1 to 2mm to less than 0,2 mm. Thus it would appear that the 
pelletized sludge bed volume, if allowed to build up, would stabilize at some 
maximum value and then the pellets would start breaking up and eventually 
discharge as fines in the effluent. 
(4) The loss in alkalinity between influent and effluent in a UASB system 
treating a carbohydrate is very small. However due to the generation of 
short chain fatty acids principally in the high pH2 zone, the pH in this zone 
may drop significantly if the system is not buffered adequately. This could 
lead to failure of the system. Hence a sufficient buffering capacity of the 
reactor liquid contents is important to ensure that the pH does not decline 
at some point in the line of flow to less then pH 6,6. 
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CLOSURE 
From the system behaviour a number of aspects were unusual and are summarized as 
follows: 
(1) The net VSS yield per unit mass COD removed was exceptionally high in 
the high pH2 zone of a U ASB system. 
(2) The growth of the pelletized sludge mass was confi~ed to the high pH2 zone. 
(3) High removal of NH 3-N and a concomitant generation of organic nitrogen 
were observed in the high pH 2 zone, a situation not observed in normal 
anaerobic fermentation processes. 
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CHAPTERS 
HYPOTHESIZED MECHANISM OF PELLETIZATION 
1. INTRODUCTION 
Chapter Four concluded with a list of features not observed in normal anaerobic 
fermentation processes, briefly: 
1. Pelletized sludge production was confined to the high pH2 zone of a U ASB 
system; 
2. VSS yield per COD removed in the high pH2 zone was about 14 times that 
normally observed; 
3. There was a high NH3-N removal in the high pH2 zone, with a concomitant 
generation of organic nitrogen. 
The generation of organic nitrogen was particularly perplexing. Either the organic 
nitrogen arose from the death of organisms or was generated in the growth process. 
It was reasoned that. the rapid mass increase in organic nitrogen associated with 
rapid apparent growth, made death an unlikely cause, accordingly attention was 
focussed on the proposition that organic nitrogen generation was a product in the 
growth process. In this chapter an enquiry into this growth process is reported. 
2. ORGANISM IDENTIFICATION 
Zehnder and Wurhmann (1977) isolated a hydrogen utilizing methanoorganism, 
Methanobacterium strain AZ (M. Strain AZ), now classified as Methanobrevibacter 
arboriphilus, from digested sewage sludge. Pure culture studies on M. Strain AZ 
indicated inter alia that: 
• The organism is a pH neutrophile; 
• Hydrogen serves as the sole electron-donating substrate and, carbon dioxide as 
the sole external source of electron acceptor; 
• The organism produces its amino acid requirements very effectively, with the 
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exception of the sulphur containing amino acid, cysteine - an external cysteine 
source is necessary for growth; 
• Provided all nutrients and cysteine are present the organism has a high specific 
growth rate; 
• With a ·deficiency of cysteine during the growth phase, exceptionally high 
concentrations of amino acids are secreted to the surrounding medium; 
• Growth is stimulated by yeast extract; 
• The organism grows in rosette-type clusters. 
The growth characteristics of the M. Strain AZ appears to provide a basis for an 
hypothesis on the formation of pelletized sludge in the U ASB system: 
When the M. Strain AZ is surrounded by excess substrate i.e. high H2 partial 
pressure (high pH2), the ATP/ ADP ratio will be high. Simultaneously the high 
ATP l~vel will stimulate amino acid production and cell growth. However 
because M. Strain AZ cannot manufacture the essential amino acid cysteine, cell 
synthesis will be limited by the rate of cysteine supply. If free and saline 
ammonia is present in excess there will be an over production of the other amino 
acids; the organism reacts to this situation by either releasing these excess 
amino acids to the surrounding medium and/ or by linking these in polypeptide 
chains which it stores extracellularly by extrusion from active sites. These 
polypeptide chains bind the species and other organisms into clusters forming a 
separate microbiological environment - the so-called biopellets. 
Support for the hypothesis is to be found in the experimental observations made in 
Chapter 4, on the lower active (high pH2) zone, by examining: 
(1) the COD/VSS and TKN/COD ratios of the pellets; 
(2) the rate of disappearance of free and saline ammonia, coupled to the rate of 
generation of organic nitrogen; 
(3) the yield of volatile solids; and 
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( 4) the effect of cysteine supplementation on volatile solids yield .. 
3. OBSERVATIONS 
3.1 Ratios of COD/VSS and TKN /COD of pelletized sludge: 
A number of measurements of the following parameters were made on the pelletized 
sludge: COD, VSS and TKN. Hence the COD/VSS and TKN/COD ratio of the 
sludge could be calculated. The COD/VSS values from a number of such 
measurements are shown plotted on normal probability paper, in Fig 5.1, giving a 
mean COD /VSS ratio of 1,23 with a standard deviation of the mean of : 0,02. This 
ratio is significantly lower than that usually observed in anaerobic systems, viz. 1,40 
to 1,50 mgCOD/mgVSS (McCarty, 1972). This discrepancy can be accounted for if 
one accepts that a large fraction of the pellets consists of biopolymers. 
Micro-organisms utilizing a carbohydrate-type substrate can produce two types of 
extracellular biopolymer, a polypeptide type i.e. a sequence of peptide-bonded amino 
acids, or a polysaccharide type. Zehnder and Wurhmann (1977) found that the 
amino acids in the supernatant of their pure culture of M. Strain AZ were principally 
alanine, valine and glutamic acid in the molar proportions of 0,56:0,28:0,16 
respectively. The theoretical COD/VSS ratio for a polypeptide type polymer 
consisting of these three amino acids, in the given molar ratios will be 1,21 
mgCOD/mgVSS (and that for a polysaccharide type polymer will be unity (see 
Appendix A) and, for a •standard" protoplasm composition the COD/VSS ratio is 
about 1,42 (McCarty, 1972). If the pelletized sludge consisted only of protoplasmic 
mass the COD/VSS ratio would be 1,42, but as the observed ratio is only 1,23 it 
must include one or both of the two types of polymer. Assuming the only polymer 
present is a polypeptide then in order to have a COD/VSS of 1,23 about 90 per cent 
of the pelletized sludge should be polypeptide and 10 per cent protoplasm. Assuming 
only a polysaccharide polymer is present then about 40 per cent of the sludge should 
be polysaccharide and 60 per cent protoplasm (see Appendix A). To determine 
which of the two _types of polymer is generated, one needs to examine the TKN /COD 
ratio of the pelletized sludge. 
The observed TKN/COD ratio obtained from a number of measurements is shown 
plotted on normal probability paper, Fig 5.2, giving a mean TKN /COD ratio of 
0,090 with a standard deviation of the mean of : 0,002. A polypeptide, assuming it 
is composed of alanine, valine and glutamic acid molecules in the molar proportion of 
0,56:0,28:0,16 respectively, would have a TKN/COD ratio 0,113 mgN/mgCOD (see 
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Appendix A); a polysaccharide would have a TKN/COD ratio of zero. For 
protoplasm the •standard composition• suggests a TKN /COD ratio of 0,086 
mgN/mgCOD (McCarty, 1972). Applying these ratios to the mass proportions of 
polymer:biomass hypothesized in the pellets above (0,9:0,1 for the 
polypeptide: biomass and 0,4:0,6 for the polysaccharide: biomass) the calculated 
TKN/COD ratios for the pellet should be: 
For the polypeptide:protoplasm, TKN/COD = 0,108 and, for the polysaccharide-
:protoplasm, TKN/COD = 0,034. Comparing these with the observed TKN/COD 
ratio of 0,09, it would appear that the most likely constitution of the pellets is a 
polypeptide:protoplasm combination in the proportion of approximately 0,9:0,1, that 
is protoplasm constitutes about 10 per cent of the pelletized sludge mass. 
3.2 Free and saline ammonia (NH3-N) disappearance and organic nitrogen 
generation: 
Referring to the free and saline ammonia concentration profile (Fig 4.2, Chapter 4), 
in the high pH2 zone the concentration decreased by 38 mgN / l and the total soluble 
COD concentration decreased by 1427 mgCOD/l. If this mass of free and saline 
ammonia were utilized for protoplasm synthesis then acc~pting a TKN /COD for 
protoplasm = 0,086 mgN/mgCOD and COD/VSS = 1,42 mgCOD/mgVSS, the 
TKN/VSS ratio should be 0,086.1,42 i.e. 0,122 mgN/mgVSS. Accepting a biomass 
yield of 0,03 mgVSS/mgCOD removed (ten Brummeler et al., 1985), the COD 
associated with the utilization of 38 mgN/l, would be (38/0,122)/0,03 i.e. 10 383 
mgCOD / L However the observed COD utilized was only 1427 mgCOD / l, 
consequently the disappearance of the free and saline ammonia cannot be associated 
with protoplasmic mass generation only. 
Referring to the organic nitrogen ( orgN) concentration profile (Fig 4.2, Chapter 4), 
in the high pH2 zone, there was a release of 49 (orgN)/l to the surrounding medium. 
If one ascribes this generation of soluble orgN to death of the organisms, then in this 
zone there was a death rate which greatly exceeded the protoplasm growth rate. 
Thus neither growth nor death can explain the nitrogen behaviour. 
The observed behaviour however can be explained if it is accepted that the orgN is 
due to M. Strain AZ that secretes ·amino acids under high pH2 when there is a 
deficiency in cysteine and an adequate supply of ammonia nitrogen. 
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3.3 Volatile mass yield 
The volatile mass specific yield in the high pH2 reactor calculated in Chapter 4, was 
0,42 mgVSS/mgCOD removed. This value is based on the measured total COD 
removed (i.e. COD influent - COD effluent) of 48 576 mg/d. However since part of 
the influent COD is converted into amino acids and reappears in the effluent COD, 
the total COD removed will be less. Using the data from Chapter 4 average volatile 
mass specific yield in the high pH2 zone can be calculated as follows: 
Feed flow rate 
Mass influent COD (92 · 2703) 
Mass effluent COD (92 · 2175) 
Sludge concentration 
Sludge wastage per day 
VSS generated (28,86.700) 
COD of free amino acids generated 
(see Appendix A) 
i.e. Total COD removed 
Hence biomass yield 
= 92 l/d 
= 248 676 mgCOD/d 
= 200 100 mgCOD/d 
= 28 860 mgVSS/ l 
= 700 ml/d 
= 20 202 mgVSS/d 
= 7 087 mgCOD/d 
= [248 676-(200 100-7 087)] 
= 55 663 mgCOD/d 
= VSS generated/Total COD removed 
= 20 202/55 663 
= 0,36 mgVSS/mgCOD removed. 
A specific yield of 0,36 mgVSS/mgCOD removed is very much higher than the 
reported biomass yield value in anaerobic processes - Shea et al. (1968) and ten 
Brummeler et al. (1985) reported yield values of about 0,03 mgVSS/mgCOD 
removed. However the high yield value can be explained accepting the formation of 
polypeptide polymers, as follows: 
Assume that pyruvic acid is the central substance within the bacteria from which 
synthesis occurs (McCarty 1972). The ATP re9-uirement for synthesis of 100 mg 
protoplasm from pyruvic acid is approximately 12 mmols ATP (McCarty, 1972, 
assuming that the synthesis reaction is 60 per cent efficient); the ATP 
requirement for synthesis of 100 mg polypeptide polymer (alanine, valine and 
glutamic acid in the molar proportions reported by Zehnder and Wuhrmann, 
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1977) is about 1 mmol ATP. This indicates that extracellular polypeptide will 
have a yield value of about 12 times that for protoplasm. Accepting that about 
90 per cent of the volatile solids generated is polypeptide [see (3.1) above], the 
yield will be (0,9.0,36 + 0,1.0,03) = 0,33 mgVSS/mgCOD, that is, the observed 
yield is consistent ·with the calculated yield of 0,36 mgVSS/mgCOD based on the 
assumptions and deductions developed so far. 
3.4 Effect of cysteine supplementation on volatile solids yield: 
In terms of the hypothesis, if cysteine is limited the M. Strain AZ can produce 
protoplasm only to the extent governed by the availability of cysteine; with 
restricted cysteine and adequate ammonia a large fraction of the hydrogen (COD) 
uptake will be converted to amino acids and generation of polypeptide. The ATP 
requirement for amino acids production is relatively low compared to protoplasm 
production so that the fraction of the hydrogen oxidized to methane for energy 
production will be relatively low; but the yield of sludge (principally polypeptide) 
will be high, i.e. methane gas production should be low. Should the feed be 
supplemented with cysteine, protoplasm production will increase and polypeptide 
production will decrease. From the above ATP requirement for protoplasm 
formation is about 12 times that for the same molar mass of polypeptide formation. 
Consequently a higher fraction of hydrogen uptake would need to be oxidized to 
methane to provide the energy required. Hence the sludge yield would decrease and 
the methane production increases. 
In order to test the effect of cysteine, the feed was supplemented with 12,2 mg 
cysteine per litre of feed. The sludge production before and after cysteine addition is 
shown in Fig 5.3. Sludge production was reduced by 50 per cent (by volume), from 
700 ml/ d to 350 ml/ d. The effect of the cysteine supplement was immediate because 
the sludge production determined 24 hours after cysteine addition was the same as 
that subsequently, indicating no transition effect. The methane production 
unfortunately could not be checked due to a breakdown of instrumentation at that 
time. 
It is possible that if a higher cysteine concentration had been supplied a further drop 
in sludge production would have been observed. It is likely however that even with 
a stoichiometrically adequate cysteine supply some polypeptide formation would 
persist for the following two reasons: 
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(i) The cysteine molecule needs to be translocated across the cytoplasmic 
membrane whereas the hydrogen can be expected to diffuse readily across. 
Consequently internal to the organism,. a disequilibrium between the 
concentration of amino acids generated and the cysteine will be induced. 
These concentrations will be brought into balance by polypeptide formation. 
(ii) Internal to the pellet, the rate of transport of hydrogen can be expected to 
be much higher than for the large cysteine molecule, again leading to an 
imbalance and polypeptide generation. 
4. CRITERIA FOR PELLET FORMATION 
Accepting the hypothesis for pelletization, the ecological conditions under which , 
pelletization is likely to occur appear to be as follows: 
• an environment with a high partial pressure of hydrogen; 
• a nitrogen source, in the free and saline ammonia form, which is non-limiting; 
• a limited source of cysteine either from the feed or becoming available from the 
action (e.g. death) of other organisms; 
• a near neutral pH. 
The following situations can be identified under which one can expect, or not expect 
pelletization: 
• no pelletization in systems where the influent substrate does not yield hydrogen 
in the fermentation processes, e.g. acetate as sole substrate, 
• no pelletization in systems where the influent substrate can be broken down only 
under low pH2 conditions, e.g propionate and lipids, 
• no pelletization in systems where the substrate yields hydrogen but in order to 
obtain complete conversion, operation requires a low pH2, e.g. carbohydrates and 
proteins in completely mixed reactors, 
• no or limited pelletization in systems where the substrate can generate a high 
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pH2 but the H2 generated is preferentially utilized by other organisms such as 
sulphate reducers, 
• pelletization in systems where the substrate yields hydrogen and the operation 
allows zones for high pH2 build-up, e.g. carbohydrates and proteins in plug flow 
reactors. 
5. DISCUSSION 
There is considerable informati~n in the literature that can serve as a testing 
material of the hypothesis on pellet formation and the consequential requirements 
necessary for its formation. 
Acetate as substrate source: 
With acetate as the sole substrate no hydrogen is released; without hydrogen the 
hydrogen-utilizing methanogenic organisms including the M. Strain AZ, necessarily 
must be absent. No experiments appeared to have been reported where acetate is 
the sole carbon substrate source. However very slow formation and poor quality 
pellets have been reported on a substrate feed consisting of a mixture of acetate and 
propionate (de Zeeuw and Lettinga, 1980). With such a substrate mixture the sole 
source of hydrogen is from the degradation of the propionate, but this conversion can 
take place only at low pH2; the substrate (H2) concentration being low, the 
ATP/ ADP ratio of M. Strain AZ also will be low and polypeptide production is 
unlikely. The poor pellet formation that de Zeeuw and Lettinga (1980) did observe 
probably can be accounted for by the fact that they substituted 10 per cent by COD 
of their feed with yeast extract (an amount well in excess of the trace nutrient 
requirements for organism growth from acetate and propionate), and this COD 
fraction probably was responsible for providing an extra hydrogen source, via 
acidogenesis, for pellet formation at the bottom of the reactor. 
Oil processing wastes: 
In the fermentation of long chain fatty acids, hydrogen release can take place only 
under low pH2. Hence with oily wastes a high ATP/ ADP ratio is unlikely to 
develop, that is, one. of the conditions for polypeptide polymer formation is absent. 
It is likely, therefore, that with vegetable oil as substrate, even if excess free and 
saline ammonia is present, polymer formation will not take place. Experimentally, 
pelletization has not been observed in a UASB system with olive oil processing 
wastes (Boari et al., 1984). A well settling dense sludge did form but was of uniform 
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smooth consistency. 
Completely mixed anaerobic systems: 
No pelletization has been reported in completely mixed reactor systems. In a 'well 
balanced' completely mixed system, the pH will be maintained near neutral but the 
pH2 will remain low due to hydrogen utilization by the methanogenic organisms 
including M. Strain AZ. With a low pH2 the ATP/ ADP ratio will be low; hence 
even if adequate free and saline ammonia is present, the probability of over 
production of the amino acids will be small and polypeptide formation is not likely 
to occur. 
High pH2 conditions can develop in a completely mixed system only under 
'imbalance'. Imbalance in such a system usually is accompanied by low pH which if 
allowed to persist will eventually cause failure of the system. Even if the pH is 
buffered to near neutrality, from a practical point of view the system is likely to be 
looked upon as operating unsatisfactorily for reason that under high pH2, methane 
fermentation is reduced with the balance of the COD in the effluent as propionic 
acid. Consequently unless there is a deliberate objective to maintain the system in a 
high pH2 state, the necessary conditions for pellet formation will exist in completely 
mixed systems only over relatively short transition periods. 
Plug flow systems: 
Pelletization has been reported in UASB systems with carbohydrate substrates 
(Lettinga et al., Ross 1984, Wu et al., 1987); experience in this investigation 
supports this finding. In the UASB system which is essentially a plug flow system, 
there is a phase separation along the line of flow in the system, with the acidogenic 
phase being dominant at the bottom of the reactor. In the acidogenic phase of the 
fermentation of carbohydrates, hydrogen is readily produced under both low and high 
pH2. In the UASB system production of hydrogen takes place in the lower active 
zone; under high loading conditions if the H2-utilizing methanogens cannot utilize 
. the hydrogen at the rate it is generated, a zone of high pH2 will form. With excess 
free and saline ammonia present, polypeptide polymer formation should take place 
according to the proposed hypothesis. 
Pelletization also has been reported in U ASB systems with protein (gelatine) as 
substrate (Schulze et al., 1988). This .is to be expected as some amino acids, during 
deamination, produce hydrogen and under plug flow conditions may allow a build up 
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Only limited pelletization has been obtained with a UASB system treating a waste 
from a paper re-pulping plant {50 per cent carbohydrate, 50 per cent SCFA, with 
COD N 5000 mg/ l) containing sulphate of about 300 mgSO i-/ l {Russo, 1987). Since 
sulphate-reducing organisms have a higher affinity for hydrogen than the H2-utilizing 
methanogens {Kristjansson et al., 1982; Kristjansson and Schonheit, 1983), the 
generated hydrogen will be utilized virtually immediately to reduce sulphate ions to 
sulphide at the base of the reactor, thereby tending to reduce the availability of 
hydrogen for pelletization; this behaviour is supported by the observation that as 
sulphate concentration decreased so the rate of pellet formation increased (Russo, 
1987). 
Acidogens as pellet producers 
The biochemical/mechanistic model for pellet formation, developed in this 
investigation, is based on the hypothesis that an hydrogenotroph, M. Strain AZ, or 
another species with similar characteristics, is responsible. The pellet formation is 
reputed to arise from a particular characteristic of the organism - an inability to 
synthesize the amino acid cysteine: In the zone of high hydrogen partial pressure, 
the presence of this substrate (hydrogen) activates the synthesis processes but due to 
the organism's inability to synthesize cysteine a disequilibrium develops to the degree 
cysteine is in short supply. The organism accommodates this by discharging excess 
amino acids in soluble form or as polypeptides. 
An objection that could be raised against this hypothesis is that in the high hydrogen 
partial pressure zone, where pelletization takes place, the activity of the acidogens is 
also at a maximum. Could it be that the acidogens are responsible for 
polypeptide/pellet formation? Two arguments can be advanced why acidogens are 
not likely to be responsible: 
• It is commonly accepted that extracellular polymers are produced by organisms 
when some nutrient deficiency is present. In the case of the hydrogenotrophs, 
this deficiency is present in that cysteine needs to be supplied from the liquid -
we have seen that trace supplementation of cysteine sharply reduces polymer and 
thus pellet production. In the case of acidogens, we could not find in the 
literature an acidogen that exhibits a deficiency in generating cysteine; hence 
with our present understanding an acidogen could not be implicated in the sharp 
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decline of pellet production on addition of cysteine in trace amounts. 
• H acidogens were responsible for polypeptide/pellet production then a reduction 
in pH, to say pH 6, should not affect such production because the acidogens are 
insensitive to pH, to as low as pH 3,5. While investigating pH control in UASB 
systems {see Chapter 8, Section 3.1), when insufficient alkalinity was added in 
the influent in some of the tests, the pH in the high hydrogen partial pressure 
reactor declined to pH 6,1. Within 24h it was observed that pellet break up was 
taking place to a significant degree and that volatile suspended solids production 
declined i.e. pellet production declined. Hence low pH had a sig~ficant adverse 
effect on pellet and associate polypeptide production. In contrast, the behaviour 
at low pH is con3istent with that expected from the hydrogenotroph, 
M. Strain AZ. Zehnder and Wurhmann {1977) found that in pure cultures, 
M. Strain AZ attained a maximum growth rate at pH 6,6, but this growth rate 
declined rapidly to virtually zero at pH 6. If M. Strain AZ was responsible for 
pellet production then the observed decline in pellet production and pellet break 
up is not unexpected. 
6. CONCLUSIONS 
( 1) There is strong evidence that pelletization is due to the action of 
Methanobacterium strain AZ, now classified as Methanobrevibacter 
arboriphilu.s. This organism utilizes H2 as its sole energy source. It can 
produce all its amino acid requirements except cysteine which needs to be 
supplied from an external source. With a cysteine deficiency, in an 
environment of high H2 partial pressure with free and saline ammonia 
available, protoplasm synthesis is limited by the cysteine supply and a 
fraction of the excess amino acids produced is secreted as extracellular 
polypeptide; this polymer binds the organisms together to form pellets. It is 
possible that other anaerobic bacteria may have characteristics similar to the 
M. Strain AZ and contribute to pellet formation. 
{2) Pelletization is unlikely in completely mixed systems because in such 
systems the H2 partial pressure always is likely to be low, if the objective is 
optimal methane fermentation. 
(3) Stable pellet formation appears to be possible only in plug-flow or semi 
plug-flow systems because in these systems partial phase separation into high 
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and low hydrogen partial pressure can occur along the line of flow. However 
phase separation is a necessary but not sufficient requirement - the influent 
substrate is also a determining factor. Pelletization is unlikely with the 
following substrates: {i) acetate, because acetate does not produce H2 during 
fermentation, (ii) propionate, because the conversion of propionate to acetate 
and H2 takes place only under low pH2, (iii) edible oily wastes because the 
oil is broken down to short chain fatty acids and H2 only under low hydrogen 
partial pressure. Pelletization is possible with {i) a carbohydrate or protein 
substrate in a plug flow system because H2 is released during the conversion 
of a carbohydrate or protein to short chain fatty acids; under high loading 
conditions if the H2-utilizing methanogens cannot utilize the H2 at the rate it 
is generated, a zone of high hydrogen partial pressure will form; if excess 
free and saline ammonia is present, the two prime conditions for growth of 
M. Strain AZ are satisfied, (ii) a carbohydrate or protein substrate in a 
completely mixed reactor provided the reactor is operated such that SCF A 
in addition to acetic acid is generated. Higher SCF A is generated only if the 
hydrogen partial pressure is high thereby satisfying akey requirement for 
polypeptide generation. However such a system is unlikely to be operated as 
a practical one because the conversion of COD to methane will be low and 
hence the effluent COD will be high. 
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CHAPTER6 
GROWTH OF BIOPELLETS ON GLUCOSE 
1. INTRODUCTION 
In the literature all the work reported on UASB systems at mesophilic temperatures 
had made use of influents that were in effect mixtures of substrates such as short 
chain fatty acids (SCFA), carbohydrates and proteins. This was also the case in this 
study; in the previous chapters the substrate utilized was apple juice waste water or 
apple juice concentrate supplemented with excess free and saline ammonia and a 
trace metal solution. This waste water is not a clearly defined substrate, almost 
certainly containing various organic carbon species in addition to sugars and SCF A 
(acetate and propionate). With such an undefined substrate (1) the biochemical 
reactions are uncertain, in particular it is not possible to assess the hydrogen flux 
from end product formation (because the biochemical pathways are not clearly 
defined) and (2) the influent feed may contain polymers that could promote pellet 
formation (Ross, 1984). Resolution of these difficulties would be obtainable if a 
defined substrate is used. The carbohydrate, glucose, for example, should be a 
particularly appropriate substrate because extensive knowledge of its biochemical 
pathways with associate product formation is available and certainly the presence of 
polymers in the influent could be eliminated .. Accordingly it was decided to study 
the response of a U ASB system using glucose instead of apple juice as substrate. 
The following tasks were set for the investigation: 
(1) Response of a UASB system to glucose as substrate feed. 
(2) Enquiry into the appearance or non-appearance of butyrate in UASB 
systems. 
(3) Behaviour of the hydrogen-utilizing organisms in the high pH2 zone of a 
UASB system. 
( 4) Effects of the free and saline ammonia concentration in the influent, in 
excess of, and just sufficient for, normal anaerobic growth. 
< 
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2. FERMENTATION OF GLUCOSE 
Fermentation of glucose under the conditions normally encountered in methane 
fermentation processes occurs in three distinct phases: (1) acidogenesis; (2) aceto-
genesis, and (3) methanogenesis. Product formation arising in these three phases 
depend to a large degree on the pH2 surrounding the organisms. The three phases in 
, the fermentation of glucose are set out briefly below. 
(1) · Acidogenesis: This is the initial phase in fermentation of soluble carbo-
hydrates carried out by a group of organisms, the acidogens. When the pH2 
is < lQ-4 atmospheres (atm), aceta~e, butyrate, hydrogen and carbon dioxide 
are generated, and when the pH2 is > 10-4 atm acetate, propionate, 
butyrate, hydrogen and carbon dioxide are generated, Fig 6.l(a, b and c). 
Butyrate is a normal fermentation product from a carbohydrate substrate 
irrespective of the pH2 (Thauer et al., 1977). The stoichiometric reactions 
-describing these pathways are as follows: 
For pH2 < 10-4 atm 
production of acetate, 
and production of butyrate, 
for pH2 > lQ-4 atm 
production of acetate and propionate, 
and production of butyrate, 
(6.1) 
(6.2) 
(6.3) 
(6.2) 
The acidogens have a generation time of about 2 hours with a specific yield 
on glucose of approximately 0,12 to 0,14 mgVSS/mg glucose fermented 
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(Zoetemeyer e.t al., 1982). 
(2) Acetogenesis: Short chain fatty acids, butyrate and propionate, generated in 
the acidogenic phase, are oxidized by a specific group of organisms, the 
acetogens, to acetic acid and hydrogen. Conversion of butyrate and 
propionate can take place only at low pH2, but at different respective partial 
pressures. 
For acetate formation from butyric acid, the reaction is : 
(6.4) 
This reaction thermodynamically is energy yielding to the organisms for pH2 
< 10-2,7 atm (Mcinerney et al., 1979). The generation time for butyrate 
oxidizers is approximately 2,3 days (Gujer and Zehnder, 1983) with a specific 
yield of about 0,03 gVSS/gCOD butyrate ferment d. 
For acetate formation from propionic acid, the reaction is: 
(6.5) 
This reaction thermodynamically is feasible for pH 2. < 10-411 at~ 
(Mcinerney et al., 1979). The generation time for propionate oxidizers is 
between 4,6 to 5,8 days (Koch et al., 1983, Boone and Bryant, 1980) with a 
specific yield of between 0,023 to 0,034 gVSS/gCOD propionate fermented 
(Dolfing, 1987). 
(3) Methanogenesis: Specialized groups of methanogenic organisms can utilize 
hydrogen and/or acetic acid to generate methane. Three groups of 
methanogens have been identified: (i) obligate acetoclastic methanogens 
that utilize acetate only as energy source; (ii) obligate hydrogenotrophic 
methanogens that utilize H2 only (also called H2 utilizers) as energy source 
(with C02 as the carbon source). The hydrogenotrophs can operate over a 
wide range of pH2, and (iii) methanogens that utilize both acetic acid and 
hydrogen as energy source. Generally this latter group utilizes hydrogen 
preferentially. The reactions for hydrogen and acetate oxidations are: 
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For hydrogen, 
(6.6) 
and for acetate, 
(6. 7) 
3. SINGLE UASB REACTOR SYSTEM RESPONSE TO GLUCOSE AS 
SUBSTRATE 
A UASB reactor, effective volume 9 l, was seeded with 3 l of pelletized sludge 
developed on an apple juice waste water (described in Chapter 2). The reactor was 
fed with glucose as sole organic carbon source with COD concentration 
approximately 2800 mgCOD / l. The feed was supplemented with trace elements and 
nutrients for organism growth (details of composition are given in Chapter 3), with 
excess NH3-N, and buffered by addition of 1,2 mg alkalinity as CaC0 3 per mg 
influent COD. The effects of loading on the system were investigated for the range 
9,3 to 26,7 kgCOD/m3 reactor/d; pertinent operating data for the system are given 
in Table 6.1. 
After each increment of loading, steady state was assumed to have been established 
when COD removal, NH3-N removal and gas production remained constant for more 
than five consecutive days. Once steady state had been attained, samples were taken 
along the line of fl.ow and measurements made _of: total soluble COD, short chain 
fatty acids, free and saline ammonia and total Kjeldahl nitrogen (hence organic 
nitrogen by difference), and pH. 
For the range of loadings investigated excellent pelletization was obtained. In all 
cases the COD removal exceeded 90 per cent. Concentration profiles of the various 
parameters measured along the line of flow in the reactor are shown in Figs 6.2, 6.3, 
6.4 and 6.5 for the various loadings (varying influent COD concentration and flow 
rates). In general the profiles were similar to those obtained with apple juice waste 
water as substrate. Acetic and propionic acids were the only SCF A identified in the 
profile, and two distinct active zones and one inactive zone were observed: 
(i) a lower active zone: In this zone, the total soluble COD concentration 
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Table 6.1: Operating data for single UASB reactor with glucose as influent. 
Influent COD concentration, mgCOD/l 
Volumetric flow rate, l/d 
Nominal velocity of flow in reactor, cm/min 
Hydraulic retentiOn time, h 
Organic loading, kgCODm3 reactor/day 
Operating temperature, • C 
mg alkalinity as CaC0 3/mg influent COD 
Influent pH 
Free and saline ammonia (NH 3-N), mgN/l 
2792-5395 
15-45 
0,14-0,41 
14,4-4,8 
9,3-26,7 
30 
1,2 
8,12 
65,8-141,7 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
er
 
I.L
I 
m
 i I- ~ 
AC
ET
AT
E 
<m
gH
Ac
ll>
.PR
OP
IO
NA
TE
 
<m
gH
Pr
/l) 
13
 
12
 
11
 
10
 II •
 
7 II 5 
II 
4 3 F
ig
 6
.2
: 
K£
Y 
G
--
-6
 c
oo
 
l!t
--
1!
1 
AC
ET
AT
E 
.
.
_
_
.
.
.
 
PR
OP
IO
NA
TE
 
TO
P 
O
F 
B
E
D
 
·
-
-
-
-
·
-
·
-
·
-
.
 
44
00
 
48
50
 
55
00
 
(a
) 
er
 
:.
u
 I ~ 
11
 
10
 II II 5 4 3 
QI ~ OJ 
KE
Y 
~
O
R
G
A
N
I
C
 N
 
l!
t-
-
1!
1 
NH
3-
N 
·
+
--
-·
-·
-·
 
di I 'I' 19
-
-
-
-
-
-
-
·
-
-
15
 
90
 
45
 
llO
 
75
 
llO
 
10
5 
12
0 
13
5 
15
0 
OR
GA
NI
C 
N,
FR
EE
 &
 SA
LI
NE
 A
MM
ON
IA 
Cm
gN
/l) 
(b
) 
Co
nc
en
tra
tio
n 
an
d 
pH
 p
ro
fil
es
 o
bs
er
ve
d 
in
 t
he
 s
in
gl
e 
U
A
SB
 s
ys
te
m
 o
n
 
gl
uc
os
e 
su
bs
tra
te
 (I
nf
lue
nt 
CO
D
 c
o
n
c
e
n
tr
at
io
n 
=
 5
00
0 
m
g/
l, 
flo
w
 r
a
te
 
=
 
15
 l/
d)
. 
er
 ! ~ 
TO
TA
L 
AL
KA
LI
NI
TY
 
<m
g/I
 a
e
 
Ca
C0
3>
 
l3
r 
I 
,
.
.
 
I 
,
,
.
,
 
I 
'"
P° 
I 
2flf
'1 I 
3ii'1
 I ¥
 I
 f
~ 
i 
•
 
i 
~
 1 ~
 
12
 
11
 
10
 II 8 7 II 5 
KE
Y 
G
--
e
 p
H 
~
 A
Ll
<A
LI
NJ
TY
 
4
t
-
"
·
-
·
 
-
-
-
•
 
-
•
 
-
3 2 0
,
 
,
 
•
 
1 
1 
1 
I 
I 
=
stc
...,
, 
I 
0 
1 
2 
3 
4 
5 
D
 
7 
8 
11 
pH
 
(c
} 
0:
. 
~
 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
! ~ 11
 7 II 5 4 a
 
2 
AC
ET
AT
E 
<•
gH
Ac
ll>
.PR
OP
IO
NA
TE
 
Cm
gH
Pr
ll>
 
.
 
KE
Y 
G
--
e
 c
oo
 
a
t-
-
1!
1 
AC
ET
AT
E 
.
,
_
_
_
.
,
.
.
: 
l'R
llP
 Jll
NA
 TE
 
TO
P 
O
F 
BE
D
 
·
-
·
-
·
-
·
 
UI
DD
 
2ll
llO
 
aD
llO
 
40
llO
 
SO
LU
BL
E 
CO
O 
<
•g
/1
) 
(a
) 
llO
OO
 
! ~ 1
9 
I 
I 
Ti
 
I 
I 
I 
I 
11
4 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
12
 
ll
 
10
 
7 II 5 4 a 2 
dJ I qi ~ I qi
 +
 
QI 
·
+
-
m
 ~ di \ 
KE
Y 
&
-
-
e
 D
RG
AH
JC
 N
 
l!
t-
-
1!
1 
NH
3-
N 
·
-
·
-
.
 
19
-
_
_
_
_
 
_
 
15
 
ID
 
45
 
11
0 
75
 
llO
 
10
5 
12
0 
11
5 
15
0 
OR
GA
NI
C 
N.
 FR
EE
 &
 S
AL
IN
E 
AM
MO
NIA
 
<m
gN
/l>
 
(b
) 
Fi
g 
6.
3:
 
C
on
ce
nt
ra
tio
n 
an
d 
pH
 p
ro
fil
es
 o
bs
er
ve
d 
in
 t
he
 s
in
gl
e 
U
A
SB
 s
ys
te
m
 o
n
 
gl
uc
os
e 
su
bs
tr
at
e 
(In
flu
en
t C
O
D
 c
o
n
c
e
n
tr
at
io
n 
=
 5
34
5 
m
g/
 l, 
flo
w
 r
a
te
 
=
 
45
 l/
d).
 
! I- ~ 1
l 10
 8 I 7 II 5 4 a 2 
TO
TA
L 
AL
KA
LI
NI
TY
 
<m
g/I
 a
e 
Ca
C0
3) 
"
K
E
Y
 
G
--
e
 p
H 
~
 A
U
W
.J
N
JT
Y
 
·
-
·
-
·
-
·
 
0 
,
 
,
 
1 
1 
1 
1 
I 
I 
:::
sa
:t-
=-
.m
 I
 
0 
I 
2 
ll 
4 
5 
II 
7 
8 
8 
pH
 (c
) 
O
') 
00
 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
II
 
10
 8 
Ir
 
8 
w
 
m
 ~ 
7 
z I-
II 
~ 
'
l 
AC
ET
AT
E 
Cm
gH
Ac
ll>
.PR
OP
IO
NA
TE
 
Cm
gH
Pr
ll>
 
j!'I 
•
 
2i'1
 
&y
ll 
li?
I 
llp
Q 
I~
 
1:i
f'l 
I 
I 
I 
1
1
1
1
 
19
1 
-
·
 
II
 
-
-
-
G
--
--
6
 c
oo
 
ID
 
l!t
--
1!
1 
AC
ET
AT
E 
.
_
.
,
 
l'R
OP
IO
NA
TE
 
8 
Ir
 
8 
w
 
m
 
:ii
: 
7 
2 I-
II 
~ 
5 
BE
D
 
·
-
-
·
 
' 3 2 
44
00
 
48
50
 
55
00
 
(a
) 
'P
 
I 
I 
I a
 I qi ih I cp th I Ip ih I QI 
KE
Y 
G
--
--
6
 O
RG
AN
IC
 N
 
l!
t-
-
1!
1 
ilU
-N
 
15
 
90
 
45
 
llO
 
75
 
llO
 
10
5 
12
0 
13
5 
15
0 
OR
GA
NI
C 
N,
FR
EE
 &
 SA
LI
NE
 A
MM
ON
IA 
(m
gN
/l) 
(b
) 
C
on
ce
nt
ra
tio
n 
an
d 
pH
 p
ro
fil
es
 o
bs
er
ve
d 
in
 t
he
 s
in
gl
e 
U
A
SB
 s
ys
te
m
 o
n
 
gl
uc
os
e 
su
bs
tra
te
 (I
nf
lue
nt 
CO
D
 c
o
n
c
e
n
tr
at
io
n 
=
 2
79
2 
m
g/
 l, 
flo
w
 r
a
te
 
=
 
30
 l
/d
). 
IS
 
12
 
II
 
10
 8 
Ir
 
8 
w
 
m
 ~ 
7 
z I-
II 
Ir
 ~ 
5 ' 3 2 I 00
 
TO
TA
L 
AL
KA
LI
NI
TY
 
Cm
g/l
 a
e
 
Ca
C0
3>
 
KE
Y 
~
p
H
 
e
r
-
~
 A
LK
AL
IN
IT
Y 
2 
3 
' 
5 
II 
7 
pH
 
(c
) 
8 
8 
0
) 
tO
 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
a:
: 
w
 
m
 ~ z I- ~ 
AC
ET
AT
E 
<m
gH
Ac
ll>
.PR
OP
IO
NA
TE
 
<m
gH
Pr
/l) 
K£
Y 
~
c
o
o
 
l!
t-
-
l!
l 
AC
ET
AT
E 
,
.
.
.
_
_
 
PR
ll'l
O
N
A
TE
 
a:
: 
w
 
19
 
12
 
ll
 
10
 II 8 
KE
Y 
~
O
R
G
A
N
I
C
 N
 
l!
t-
-
l!
l 
llQ
-N
 
a:
: 
w
 
m
 
m
 
:IC
 
7 
-
-
:I
[ 
Fi
g 
6.
5:
 
::::
> z I-
TO
P 
O
F 
BE
D
 
·
-
·
-
·
-
·
-
·
 
~ 
''°
° 
4l
l5
0 
55
00
 
(a
) 
e 5 ' 3 2 
.
.
.
.
.
 
0 
o
 
15
 
30
 
45
 
eo
 
75
 
11
0 
10
5 
12
0 
13
5 
15
0 
OR
GA
NI
C 
N,
FR
EE
 &
 SA
LI
NE
 A
MM
ON
IA 
<m
gN
/l) 
(b
) 
C
on
ce
nt
ra
tio
n 
an
d 
pH
 p
ro
fil
es
 o
bs
er
ve
d 
in
 t
he
 s
in
gl
e 
U
A
SB
 s
ys
te
m
 o
n
 
·
gl
uc
os
e 
su
bs
tr
at
e 
(In
flu
en
t C
O
D
 c
o
n
c
e
n
tr
at
io
n 
=
 
27
12
 m
g/
 l, 
flo
w
 r
a
te
 
=
 
45
 l
/d
). 
::::
> z I- a:
: ~ 
TO
TA
L 
AL
KA
LI
NI
TY
 
<m
g/l
 a
e 
Ca
C0
3>
 
13
 
12
 
ll
 [ 
KE
Y 
10
 
-
-
G
-
-
e
 p
H 
II 
19
--
-i
!J
 A
U<
AL
lN
IT
Y 
8 7 e 5 ' 3 2 g
l 
I 
I 
I 
Jm
 
I 
I 
I 
:-
-k
> 
I 
0 
1 
2 
3 
4 
5 
e 
7 
8 
II 
pH
 
,
 
(c
) 
Q
) 
.
.
.
.
.
.
 
0 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
6.11 
decreased to about a half the initial value, acetate and propionate increased 
to a maximum, no butyrate formation was observed; NH 3-N concentration 
dropped sharply to a minimum; organic nitrogen was released into the 
aqueous phase and; pH declined to a minimum. The zone reflects a 
monotonic increase in propionate and as such defines a high pH2 zone 
(Sam-Soon et al., 1987). 
(ii) an upper active zone: In this zone, the total soluble COD concentration 
reduced further, to a minimum value; acetate and propionate decreased to 
minimum values and remained constant thereafter; NH3-N concentration 
remained virtually constant; organic nitrogen concentration showed a slight 
decrease; and pH increased slowly to a stable value. This zone reflected a 
monotonic decrease in propionate and as such defined a low pH2 zone. 
(iii) an inactive zone: Above the upper active zone, up to the top of the sludge 
bed, no observable product formation was detected, defining an inactive 
zone. 
From the results above it would appear that in the U ASB system the fermentation 
of glucose follows a pattern similar to that observed in the fermentation of apple 
juice waste water. Pellet formation on glucose as· substrate clearly indicates that 
pelletization is not due to extraneous organics present in the influent feed (as 
hypothesized by Ross, 1984) but is due to some other biochemical mechanism, such 
as that proposed in Chapter 5. As with apple juice waste, butyrate was not detected 
even though this is a normal fermentation product to be expected in acidogenesis 
from glucose. 
Having established a very similar response between the glucose and apple juice fed 
UASB systems, it could be expected that, as in the apple juice fed system, pellet 
generation in the glucose fed system takes place in the high pH2 zone of the reactor. 
Accordingly it was decided to investigate the high :PH2 zone of a UASB system with 
glucose as substrate. 
4. IDGH pH2 UASB REACTOR RESPONSE TO GLUCOSE SUBSTRATE 
The enquiry into the high pH 2 phase of the UASB system with glucose as substrate 
set the following specific tasks: (1) Pellet production, (2) Non-production of 
butyrate, and (3) Hydrogenotrophic organism behaviour. 
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A UASB reactor, to operate under high pH2 conditions, was set up as follows: A 
reactor with an effective volume of 3 l was inoculated with 1 l of pelletized sludge 
obtained from the high pH2 zone of a single UASB reactor fed with the same glucose 
substrate described in the section above. The reactor supplying the inoculum had 
been operated at a loading of 8,3 kgCOD/m3 reactor/d with influent COD concen-
tration ~ 5000 mg/ l, flow rate: 15 l/ d. Measurements of the pelletized sludge 
inoculum gave a mean pellet density = 35 349 mgVSS/l, COD/VSS = 1,19 
mgCOD/mgVSS and TKN/COD = 0,0820 mgN/mgCOD. 
In operating the high pH2 reactor the COD concentration of the glucose substrate 
was changed to be approximately the same as that in the single U ASB reactor 
system described previously - the influent COD concentration was maintained 
around 2600 mg/l. Increase in COD loading to the unit was achieved by an 
appropriate increase in the influent flow rate. To ensure that the system comprised 
virtually only the high pH2 zone, the volume of pelletized sludge was kept at value 
such that no propionate oxidation occurred. Propionate is not oxidized if pH2 > 
10-4,l atm; by measuring propionate concentration along the line of flow, the bed 
volume was maintained at a value such that propionate concentration either 
increased continuously up the bed or remained constant up to the top of the bed. 
This was accomplished by maintaining the bed volume at 1 litre, by drawing excess 
pellets daily. This procedure also automatically established a sludge age for the 
system as follows: 
sludge age -
(mass of p lletized bed) 
(6.8) 
(mass of pellets wasted per day) 
Measurements of the following parameters were made daily: Influent COD, filtered 
effluent COD, free and saline ammonia, T~N, pH of the reactor, gas production 
(corrected to standard temperature and pressure), volume of sludge generated, VSS 
and TSS. Once steady state appeared to have been attained, short chain fatty acids 
(acetic, propionic and butyric acids) in the effluent, and the percentage of carbon 
dioxide in the gas were measured (hence by difference, the percentage methane could 
be estimated assuming the gas phase consists only of C02 and CH4). 
The steady state responses of the system, to loadings of 0,166, 0,203 and 0,238 
kgCOD/d, are shown in Table 6.2. From the sludge mass in the high pH2 reactor 
and the mass wasted daily, the sludge ages for the three loadings ranged from 1,9 to 
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2,1 days (see Table 6.2). 
4.1 Pellet production 
In the high :PH2 reactor the VSS production rate was estimated by daily removing 
excess pellets generated and measuring the VSS content. The principal fermentation 
reactions taking place are: (1) acidogenesis, (2) methane formation from H2 a~d 
C02 and (3) a degree of methane formation from acetate cleavage. Acetogenesis did 
not appear to take place due to the high pH2 (propionate showed no decrease in the 
profile). Accordingly the microbial content of the VSS produced comprised 
principally acidogens, hydrogenotrophs and acetoclastic methanogens. 
With glucose as substrate in acidogenesis: (1) approximately 10 per cent (molar 
basis) of the glucose fermented reappears as acidogenic mass, (2) approximately 
12 per cent (COD basis) of the glucose fermented is released as hydrogen gas (Cohen 
et al. 1979), the balance of the glucose is transform_ed to short chain fatty acids such 
as acetate, propionate and butyrate, and C02. 
The hydrogen generated serves as suostrate for the hydrogenotrophs. These 
organisms have a specific yield of 0,043 mgVSS/mgCOD(H2) removed (Shea 
et al., 1968), that is, approximately 0,043·0,12 = 0,0052 i.e. 0,5 per cent of the 
glucose (COD) fermented reappears as hydrogenotrophic mass. 
Some of the acetate is converted to methane by the acetoclastic methanogens. Even 
if all the acetate generated should be converted, the mass of acetoclastic 
methanogens still will be very small relative to the mass of acidogens because the 
acetoclastic organism yield is only 0,03 mgVSS/mgCOD(acetate) removed: Later in 
the chapter, by appropriate mass balance, a method to estimate the mass of acetate 
utilized by the acetoclastic methanogens will be presented. 
Measurements of the VSS generated in the system, for the three loadings, were well 
in excess of the expected values using the reported yields above. For example for the 
60 l/d feed (see Table 6.2), glucose fermented was 0,867 mol/d. The expected 
VSS generation is: 
(i) For acidogenic organisms, 
VSS generated = 0,867·1,067·180 · 0,1 
= 16,65 gCOD/d 
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(ii) For hydrogenotrophic organisms, 
VSS generated = 0,867·1,067·180·0,12·0,043 
= 0,86 gVSS/d 
= 1,22 gCOD/d 
(iii) For acetoclastic organisms (from Table 6.2 and 6.3 below) 
VSS generated = 4,48 · 0,03 
= 0,134 gVSS/d 
= 0,19 gCOD/d 
Total expected VSS production 
= 16,65 + 1,22 + 0,19 
= 18,06 gCOD/d 
The observed VSS generated for this loading was 25,54 gCOD/d. For each of the 
loadings investigated similar discrepancies arose. A logical explanation for the 
unusually high observed VSS production is that polymer generation took place in the 
system. In view of the high nitrogen to COD removal (see later) it would appear 
that the polymer is a peptide type. 
4.2 Butyrate production 
For each of the three loadings. investigated,. butyric acid was observed in the high 
pH2 system, in addition to acetic and propionic acids (see Table 6.2). The presence 
of butyric acid was a feature not observed previously in either the parent single 
reactor maintained on a glucose substrate, or, in either the single or two-in-series 
(high and low pH2) reactor systems operated on apple juice waste (Sam-Soon et al., 
1987). In search of a cause for this difference in behaviour the operational sludge age 
of the high pH2 glucose system were compared with that of the high pH2 reactor in 
the two-in-series system system treating apple juice waste. In the high :PH2 glucose 
system the sludge age ranged between 1,9 and 2,1 days whereas in the high :PH2 
apple juice system the sludge age was about 3,0 days. Now the generation time for 
acetogenic butyrate oxidizing bacteria is about 2,3 days (Gujer and Zehnder, 1983). 
Therefore with a sludge age of about 2 days one may expect washout of these 
butyrate oxidizers, and hence appearance of butyric acid in the profiles. For sludge 
ages greater than 2,3 days, as in the high pH2 apple juice system, these organisms 
could become established and oxidize any butyric acid generated. 
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In U ASB systems with both high and low pH2 zones present in the same reactor 
operating on glucose, the sludge age always would be well in excess of 2,3 days so 
that one would still expect butyrate generation and utilization to take place in this 
system and follow a similar pattern to propionate, i.e. generation in the lower region 
of the system and disappearance in the upper region. However butyrate had not 
been observed in the high pH2 zones; this possibly was due to the following: Observ-
ing the movement of the pellets in the sludge bed under the disturbing influence of 
both gas bubble evolution and upward motion of the fluid fl.ow, there is a slow down-
ward exchange of pellets. In this fashion butyrate oxidizers are introduced to the 
region where butyrate is generated. Provided the pH2 in this region is below 10-2, 7 
atm, butyrate oxidation should take place but not propionate oxidation (propionate 
oxidation occurs only at pH2 < 10-4,l atm). Hence the disappearance of butyrate, 
but not propionate, would infer a pH 2 of between 10-4,l and 10-2,7 atm. In contrast 
if a sludge age is established (as in the high pH2 reactor) at a level lower than that 
required for butyrate oxidizers, these organisms are washed out of the system and 
even intermixing of the pellets would not affect the butyrate oxidation. 
Unfortunately at the time these experiments were performed this hypothesis on the 
presence or absence of butyrate had not yet been formulated and consequently no 
experimental evaluation was undertaken. 
4.3 Hydrogenotrophlc organism behaviour in the high pH2 U ASB reactor 
The principal objective was to calculate the yield of the hydrogenotrophs. To do this 
the mass of the hydrogen generated needs to be estimated from the mass of glucose 
converted to the various short chain fatty acids, and the mass of acidogens. We will 
now develop the procedures that allow these to be estimated. 
(i) Conversion of glucose to SCFA and acidogen mass 
In the high pH2 UASB reactor, controlled to a sludge age of about 2 days, the only 
fermentation processes would be acidogenesis and methanogenesis. Acetogenesis 
would not be established because the generation time of the acetogens is longer than 
the sludge age of 2 d. This was supported from the experimental data in that 
butyric and propionic acids showed a monotonic increase to a maximum along the 
line of fl.ow in the reactor. 
Glucose will be fermented via the various acidogenic pathways set out in Fig 6.l(a, b 
and c); provided none of the propionate and butyrate is oxidized one could readily 
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make a glucose balance [using Eqs (6.1 to 6.3)] as follows: 
Glucose fermented [GT], in moles, is utilized in molar masses [Gl], [G2], [G3] 
and [G4]: 
(a) under high pH2, from Eq (6.3), 
For every one mole propionate appearing one mole glucose is fermented and 
one mole acetate also appears, i.e, 
1· [HPr]Gl:: 1· [HAc]Gl ::1· [Gl] 
(b) under low pH2, from Eq (6.1), 
.For every two moles acetate appearing one mole glucose is fermented, i.e, 
t[HAc] G2 :: [G2] 
( c) under both high and low pH2, from Eq (6.2), 
For every one mole butyrate appearing one mole glucose is fermented, i.e, 
[HBr] G3 :: [G3] 
( d) The molar mass of glucose fermented reappearing as acidogenic mass is given 
approximately empirically by Zoetemeyer et al. (1982): 
[G4] ~ 0,1 [GT] 
Hence [GT] = [Gl] + [G2] + [G3] + [G4] (6.9a) 
Substituting for [Gl], [G2], [G3] and [G4] from above, 
i.e [GT] = [HPr] Gl + t [HAc] Gl + t [HAc] G2 + [HBr] G3 + 0,1 [GT] 
(6.9b) 
Now, the total acetate, [HAc]T, is made up of [HAc]G2 and [HAc]Gl i.e, 
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[HAc]T = [HAc] G2 + [HAc] Gl 
= [HAc]G2+ [HPr]Gl since [HAc]Gl: [HPr]Gl 
Substituting for [HAc] G2 in Eq (6.9b ), 
-[GT] = [HPr]Gl + t {[HAc]T- [HPr]Gl} + [HBr]G3 + 0,1· [GT] (6.10) 
Usually some of the HAc generated will be oxidized to methane, [HAc] , thereby 
ox 
reducing the total HAc, [HAc] T' to give the observed HAc, [HAc] obs' To incor-
porate [HAc]obs into Eq (6.10) we note that 
[HAc]T = [HAc]obs + [HAc] 0x 
i.e. [GT] 
+ [HBr]G3 + 0,1· [GT] (6.11) 
All the terms in Eq (6.11) except for [HAc] 0 x can be measured directly or 
estimated. [GT] can be measured directly, or alternatively, if no glucose 
measurements are available on the effluent, [GT] can be determined as follows: 
.) 
Measure the following on the filtered effluent: 
• Total COD concentration. 
• SCF A concentrations (i.e. acetate, propionate and butyrate), hence the 
CODSCFA' 
• Organic nitrogen concentration (from the difference between TKN and NHa-N). 
Thus the total effluent COD is comprised of: 
Total CODeff = CODSCFA + CODorgN + COD glucose not fermented (B.l2) 
From the hypothesis on pelletization, Sam-Soon et al. (1987) proposed that the high 
organic nitrogen ( orgN) in the effluent is derived from amino acids released by 
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M. Strain AZ. The COD associated with this orgN (COD N) can be estimated 
' org ' 
as set out in Appendix B. Knowing the effluent total CODeff' CODSCFA and 
CODorgN the COD of the glucose not fermented can be estimated from Eq (6.12). 
The amount of glucose fermented is then calculated from the difference between the 
total glucose influent (as COD) and the COD 1 not fermented. g ucose 
The procedures above were applied to the observations obtained on the three load-
ings listed in Table 6.2. As an example to illustrate the procedures consider the flow 
rate 60 l/d with influent glucose COD of 2600 mg/£: 
Total CODeff 
COD N (see Appendix B) 
org 
From Table 6.2, SCF A are: 
= 2142 mgCOD/l 
= 164,5 mgCOD/l 
HAc = 722 mg/!:, HPr = 389 mg/ l and HBr = 333 mg/ l 
i.e. CODSCFA = 722·1,067 + 389·1,512 + 333·1,816 
= 1963 mgCOD/l 
and from Eq (6.12), 
2142 = 1963 + 164,5 + COD glucose not fermented 
i e COD = 14 5 mgCOD/l. 
· glucose not fermented ' 
This amount can be taken as negligible, that is, all the glucose has been fermented. 
For the other loadings (see Table 6.3), substantial amounts of glucose in the feed 
were not fermented. 
From Eq (6.11) HAc .d. d for methane production is, 
OXI 1ze 
(0,867) 
i.e. 
[HAc] oxidized 
= (0,315) + t(0,722-0,315) + t[HAc]oxidized + (0,227) 
+ (0,0867) 
= 0,07 mols/d 
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= 4,48 gCOD/d 
(ii) Hydrogen flux 
Hydrogen flux through the system can be determined using the stoichiometric 
relationship between SCF A generated and associated hydrogen release, see the fer-
mentation pathways in Fig 6.l(a, b and c), i.e. 
[H2] - [HPr] + 2[HBr] + 2 { [HAc]obs - [HPr]Gl + [HAc]oxidized} 
from Eq (6.13) the hydrogen flux through the system 
[H2] = (0,315) + 2·(0,227) + 2·(0,722--0,315) + 2·(0,070) 
= 1,723 mols/d 
= 27,57 gCOD/d 
The [HAc]oxidized and [H2] for the three loadings are listed in Table 6.3. 
(iii) VSS yield of hydrogenotrophs 
(6.13) 
Knowing the hydrogen flux, acidogenic mass and measured total VSS generated per · 
day, one can estimate the VSS mass generated by the hydrogenotrophic organisms if 
the assumption is made that the acetoclastic organism mass is negligible. This 
assumption is acceptable as shall be apparent from the calculation below. With this 
assumption the VSS generated would stem only from acidogens and hydrogeno-
trophic organisms. Knowing the VSS for the acidogens, it is possible to determine 
the VSS for the hydrogenotrophic organisms from the total VSS (pellets) measured, 
i.e. 
VSS H2 utilizers = Total VSS measured - VSS acidogens 
For example, using the data for the feed of 60l/d 
vssmeasured 
vssacidogens 
i.e. VSSH2 utilizers 
= 25,54 gCOD/d 
= 16,65 gCOD/d 
= 8,89 gCOD/d 
= 8,89/1,35 
= 6,59 gVSS/d. 
(6.14) 
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It is possible now to determine the specific yield associated for the H2 utilizing 
methanogens from the VSS ascribed to the H2 utilizers and the hydrogen flux 
determined above, i.e. 
= VSS/(Hydrogen flux) (6.15) 
for the 60l/ d feed the yield is 
= 6,59/27,57 
= 0,24 gVSS/gCOD(H2) 
For the loading rate 0,203 kgCOD/d the repeat calculations showed that [HAc] 
ox 
was zero. Hence in this instance the calculated hydrogenotrophs yield would be 
unaffected by the acetoclastic organism mass. The specific yield value was 
Y(H
2 
utilizers) = 0,21 mgVSS/mgCOD(H2) utilized. This value is very close to that 
calculated above when acetate oxidation did take place. The reason why it is accept-
able to neglect the acetoclastic mass is that its specific yield is only 0,03 
mgVSS/mgCOD (acetate)oxidized (ten Brummeler et al., 1985, Dolfing, 1987). 
The hydrogenotrophs yield values calculated above are approximately 6 times that 
normally observed for these organisms (0,043 gVSS/g COD H2 removed, Shea et al., 
1968). The reason is that the calculated yield in fact includes the polymer mass 
formed - for the purpose of distinction we could speak of a gross specific yield, to 
distinguish it from the specific yield of the hydrogenotrophs of 0,043 
mgVSS/mgCOD(H2).1 It remains to determine the type of polymer most likely 
formed; this is considered in (iv) below. 
(iv) Nitrogen for polypeptide formation 
Nitrogen was added to the high pH2 reactor as NH 3-N in the influent. For the three 
loadings investigated, the NH 3-N removed in VSS synthesis, and the dissolved 
1The gross specific yield values for the hydrogenotrophic organisms, determined 
above, is in fact conservative because it is based only on the measured VSS of the 
pellets generated. Organic nitrogen is observed in the effluent (see Table 6.2) and 
this is ascribed to amino acids released by the hydrogenotrophic organisms 
(Sam-Soon et al., 1987). Converting this organic nitrogen to a COD value (see 
Appendix B) and adding this to the pelletized VSS gives a gross specific yield for the 
H2 utilizers of approximately 0,56 gVSS/gCOD(H2) generated, i.e. a value about 14 
times higher than the specific yield of the hydrogenotrophs normally expected in 
anaerobic systems. 
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organic N generated are listed in Table 6.2. It is now of interest to partition the 
NH3-N removal between the two principal groups of VSS generated i.e. the acido-
genic and hydrogenotrophic organisms. 
The mass of NH3-N removed by the glucose utilizing acidogens can be determined 
from the mass of these organisms generated by accepting the TKN/COD ratio for 
this organism of 0,086 mgN /mgCOD (McCarty, 1972). The balance of the NH 3-N 
removed can be ascribed to the action of the hydrogenotrophic organisms i.e. 
removal for cell synthesis and conversion into organic nitrogen in the form of amino 
acids either released to the surrounding medium or incorporated in polypeptides in 
the pellet mass, or both. 
Taking, for example, the data for the 60£/ d feed shown in Table 6.2, 
Nitrogen removed from the system per day, LiM(NH3-N) 
b.M(NH3-N) = M(NH3-N). - M(NH3-N) t lil OU 
= (86,8. 60 - 40,3. 60) 
= 2790 mgN/d 
where M(NH3-N). 0 t In, U = mass of free and saline ammonia per day in the 
influent, effluent respectively. 
Nitrogen incorporated in acidogenic mass per day, M(NH3-N)acid' 
M(NH3-N)acid 
where LiMXv acid 
= b.MXvacid · (TKN/COD) 
= 16,65 . 0,086 
= 1432 mgN/d 
= mass of acidogens generated/d. 
Nitrogen incorporated into hydrogenotrophic mass, M(NH3-N)hyd 
M(NH3-N)hyd = LiM(NH 3-N) - M(NH3-N) 'd 
. ac1 
= 2790 - 1432 
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= 1358 mgN / d. 
Nitrogen removed by the hydrogenotrophs for cell synthesis can be determined from 
the hydrogen flux; the normally expected yield value should be about 0,043 
mgVSS/mgCOD(H2) removed (Shea et al., 1968) i.e. expected mass H2 utilizers 
generated per day, LiMXvH2, is 
= Y H2 · (H2 flux) 
= 0,043 . 27,57 
= 1,19 gVSS/d. 
where Y H2 =specific yield of hydrogenotrophs, mgVSS/mgCOD(H2). 
Assuming a TKN/COD = 0,086 and a COD/VSS = 1,42 then the TKN/VSS = 
0,122 mgN /mgVSS for organism cell mass, and the expected N removal by hydro-
genotrophs for cell synthesis, M(NH3-N)hyd.cell 
M(NH3-N)hyd.cell = LiMXvH 2 · (TKN /VSS) 
= 1,19 . 0,122 
= 145 mgN/d. 
This value (145 mgN/d) is about one tenth of the total nitrogen estimated to have 
been removed by the hydrogenotrophs (1358 mgN /d). The difference is hypothesized 
to be due to the formation of polypeptides and the discharge of amino acids to the 
surrounding liquid. 
4.4 Effect of NH3-N concentration 
As polypeptide formation requires an adequate free ammonia supply in the influent it 
would seem that limitation on the free ammonia supply should bring about an 
associated reduct~on in polypeptide production and hence an associated reduction in 
VSS generation. The influence of NH 3-N concentration on VSS yield was inv~stiga­
ted by operating a high pH 2 UASB reactor (3l) at a constant loading of 0,166 kg 
COD/d (COD concentration ~ 2600 mg/l; flow rate 60£/d). Two NH3-N concentra-
tions were investigated: 
• An NH3-N concentration of 86,8 mgN / l i.e. a N /COD ratio of 0,0334 
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mgN/mgCOD, well in excess of that normally required for anaerobic growth. 
• An NHa-N concentration of 10,5 mgN/l; i.e. a N/COD ratio of 0,004 
mgN /mgCOD which should be just sufficient for normal anaerobic growth. 
Reactor operation under the two NH 3-N influent concentrations were identical, and 
the methods of analysis similar to those described in the sections above dealing with 
the UASB response to glucose as substrate and non-appearance of butyrate. 
When the reactor was operated with excess NH 3-N in the feed (86,8 mgN/l), the 
measured VSS yield was 0,52 mgVSS/mgCOD removed, with an NH 3-N removal of 
46,5 mgN/l When the NH 3-N concentration in the influent was decreased to 10,5 
mgN/l, within two days the measured VSS yield decreased to 0,11 mgVSS/mgCOD 
removed (see Fig 6.6) and the NH 3-N removal was approximately 5,5 mgN / l. With 
this low NH 3-N influent the system was maintained for seven more days during 
which time the measured VSS yield remained constant at 0,11 mgVSS/mgCOD 
removed. On increasing the influent NH 3-N concentration back to 86,8 mgN / l, the 
original high VSS yield of 0,52 mgVSS/mgCOD removed was reattained within a day 
(see Fig 6.6), with an NH 3-N removal of 46,5 mgN/l. 
In Table 6.4 are compared the responses of the various processes in the two systems, 
at excess and at limiting NH 3-N influent concentrations respectively. From Table 
6.4 it would appear that when NH 3-N was present in excess concentration in the 
influent: 
• An overall mass balance performed on the system gave a COD recovery of 99 per 
cent. 
• Hydrogen, generated during fermentation of glucose, was utilized to generate 
hydrogenotrophic cell mass plus polypeptide plus amino acids in the liquid 
surrounding ( :!: 68 per cent of the hydrogen mass generated). the balance was 
oxidized to methane(:!: 32 per cent). 
• Methane was formed by both hydrogen oxidation and acetate cleavage. 
• The VSS wasted from the system was in granular form. Moreover the effluent 
was turbid even after being left standing for a long period, apparently from 
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0.58 
0.50 
- o • .a 
0.40 
o.~ 
t 0.30 o.2a Limited NH3-~ 
"" 
(10,5 mgN/I) 
I 0.20 
I o.1a Excess N H3-N , Excess NH3-N 
0.10 (86,8 mgN/I) (86,8 mgN/I) 
o.oa .._ _____ --r---.------....--....--+---..--.,r--......-....---..--1 
Fig 6.6: 
1 2 3 4 a 1 1 e 1 10 11 12 13 14 1a 11 11 1e 11 20 
11ME (Daye) 
Effect of limiting NH3-N addition on VSS yield in the high H2 partial 
pressure reactor. 
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Table 6.4 Responses of the high pH2 reactor at excess and at limiting NH 3-N influent concentrations. 
Loading _ 
COD removed per day (gCOD/d) 
€OD removal (%) 
NH 3-N (mgN/l) In 
Out 
Dissolved orgN-effl uen t ( mgN / £) 
VSS generated per day (gVSS/d) 
VSS yield (mgVSS/mgCOD removed) 
Nature of VSS generated 
Methane generated per. day 
(£ CH4/d at stp) 
Methane COD (gCOD(CH4)/d 
Glucose fermented per day 
SCFA (effluent) 
Effluent quality 
(mol Gl/d) 
Acetate (mgHAcl) 
Propionate ( mgHPr / £) 
Butyrate (mgHBr/ £) 
NHa-N 
excess 
system 
0,166 
37,92 
23 
86,8 
40,3 
17,7 
18,02 
0,52 
granules 
4,2 
12 
0,867 
635 
315 
270 
turbid 
NHa-N 
limiting 
system 
0,166 
14,7 
12 
10,5 
5,1 
3,8 
2,15 
0,11 
finely dispersed 
solids 
0~877 
-2,28 
0,678 
672 
278 
297 
clear 
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presence of amino acids. 
• The sludge yield was 0,52 mgVSS/mgCOD removed. 
When NH3-N coµcentration was present in limiting concentration in the influent: 
• An overall mass balance gave only 86 per cent COD recovery. 
• A glucose 'balance" (see Eq 6.8) using an acidogen specific yield value of 0,13 
gVSS/g glucose fermented, could not be attained. 
• Methane production was much lower than that when excess NH 3-N was present. 
• The VSS wasted from the system was in the form of finely dispersed solids with 
clear effluent in between. 
• The sludge yield was 0,11 mgVSS/mgCOD removed. 
The response of the system with limited NH3-N in the feed can be explained as 
follows: From Eq (6.11), assuming that 10 percent of the glucose influent is 
converted to acidogenic organism mass and using the data from Table 6.2, then: 
In the limited NH3-N system, by applying Eq (6.12) it was found that a fraction of 
the glucose influent was not fermented, approximately 605 mgCOD/l, whereas in the 
excess NH 3-N system, at the same loading, virtually all the glucose influent was 
fermented. 
Hence mass of glucose fermented was 0,678 mols/day, i.e., from Eq (6.11) [HAc] ox 
is: 
(0,678) 
i.e. [HAc] 0 x 
= (0,225) + t(0,689-0,225) + (0,205) + (0,0678) + t [HAc] ox 
= - 0,0896 mol/d. 
Since [HAc] cannot have a negative value it is likely that, for the system with the 
ox 
low NH 3-N influent concentration, the mass of glucose fermented which reappeared 
as acidogen mass was less than the 0,13 gVSS/(g glucose fermented) assumed when 
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NHa-N was in excess. In the limited NH 3-N fed system, NH 3-N was present in the 
effluent so that it was unlikely that the NH3-N concentration was limiting for bio-
logical growth (Influent NHa-N = 10,5 mgN / f; effluent NH 3-N = 5,4 mgN / l). 
Assuming that all NHa-N removed (306 mgN /d) was incorporated into acidogen 
mass then the volatile suspended solids (VSS) associated with this mass of NH 3-N is 
given by: 
~MXvacid = M(NH 3-N)acid/(TKN/COD) 
= 306/0,086 
= 3,56 gCOD/d = 0,019 mole glucose/cl 
i.e. 0,019 mole glucose/day was converted into acidogen mass. 
This calculated VSS mass of 3,56 gCOD/d is very close to the measured VSS mass of 
3,12 gCOD/d. 
Using the calculated VSS yield for acidogens, Eq (6.11), and the data from Table 6.2 
for the limited NH 3-N system, a glucose balance gives the following : 
(0,678) = (0,225) + t(0,689 - 0,225) + t [HAc] ox + (0,205) + (0,019) 
[HAc] 0x ~ 0. 
From the glucose balance it would. now appear that no acetate was oxidized to 
methane. Furthermore the hydrogen flux associated with the glucose fermentation 
can be calculated using Eq (6.13), 
Hydrogen flux = [HPr] + 2[HBr] + 2 { [HAc]obs - [HPr] Gl 
+ [HAc]oxidized} 
= (0,225) + 2(0,205) + 2(0,464) + 2(0) 
= 1,563 mol/d 
= 25,01 gCOD/d. 
The methane generated is derived only from the oxidation of hydrogen, therefore the 
number of moles of hydrogen oxidized to methane is: 
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Hydrogen oxidation to methane = 2,28 gCOD/d 
= 0,143 mol H2/d. 
From the assumption that all the NH 3-N removed was for cell synthesis of the acido-
gens, then no VSS mass was generated by the H2 utilizers. Hence the mass of 
hydrogen not accounted for is (25,01 - 2,28) = 22,73 gCOD/d. Hence it would 
appear, very likely, that hydrogen being a gaseous intermediate during glucose 
fermentation, was lost from the system. It was ment'loned earlier that an overall 
COD mass balance gave only 86 per cent COD recovery. If the COD, hypothesized 
to be lost as hydrogen gas is taken into account, the overall mass balance is as 
follows : 
COD flow into the system: 
CODin = 2774 · 60/1000 
= 166,44 gCOD/d 
COD flow out of the system: 
Soluble COD (SCOD) 
COD incorporated into CH4 
COD incorporated into sludge 
COD hydrogen 
i.e. Total COD out 
= 2305 . 60/1000 
= 138,3 gCOD/d 
= 2,28 gCOD/d 
= 3,12 gCOD/d 
= 22,73 gCOD/d (see above) 
= 166,43 gCOD/d 
percentage COD recovery (including COD of the hydrogen gas) 
= 100 . 166,43/166,44 
= 99,99 per cent. 
This excellent overall COD mass balance would suggest that the mass of hydrogen 
not accounted for indeed appeared to have been lost as a gas. Furthermore from the 
mass of NH 3-N removed from the system and the glucose balance it would appear 
that limiting the NH 3-N concentration in the feed affected not only the acidogen rate 
of synthesis, but more importantly, the VSS mass generated by the H2 utilizers. The 
decrease in yield of the acidogen could possibly be explained by the findings of 
Teixiera de Mattos et al. (1984a, 1984b). They found that the growth of Klebsiella 
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aerogenes decreased and the rate of glucose consumption reduced when the glucose 
concentration increased to about 20 g/l. However when they sparged the culture 
with nitrogen gas, the residual glucose level decreased with a concomitant increase in 
cell yield. They concluded that metabolic gases (hydrogen and/or carbon dioxide), 
in particular carbon dioxide was the cause of the growth inhibition. A similar 
behaviour was observed by Crabbendam et al. (1985) with growth of Clostridium 
butyricum on glucose. In this study, under NH 3-N limitation, the hydrogenotrophs 
became inoperative_, hence an accumulation of gases such as C02 and H2 could be 
expected. This, in terms of the findings of Teixiera de Mattos et al. and 
Crabbendam et al. would have affected the acidogens. 
The analysis above would indicate that the hydrogenotrophs became inactive under 
•Limiting• NH 3-N conditions in that very little of the hydrogen generated is utilized. 
An hypothesis to explain the decrease in the species activity of the hydrogenotroph 
M. Strain AZ, is as follows: 
Under conditions of excess H2 (substrate) and excess NH 3-N the intracellular 
ATP/ ADP level within the organism will be high; if cysteine is available the 
ATP/ ADP level is lowered by cell synthesis; if cysteine is limited, the 
ATP/ ADP level is lowered by the generation of amino acids and polypeptides. 
In this fashion there is a continuous uptake of H2 (substrate) by the species. 
However where NH 3-N is limited the species is unable to decrease the ATP/ ADP 
level, resulting in H2 (substrate) uptake inhibition. 
5. CONCLUSIONS 
From the study of UASB systems with glucose as substrate feed the following 
conclusions can be summarized: 
1. The responses of a single UASB system fed with glucose as substrate feed were 
similar to those obtained with apple juice waste water. 
2. Excellent pellet formation was observed with glucose indicating that the presence 
of extraneous organics such as polymers is not a prerequisite for pellet formation. 
3. In the single UASB system fed with glucose no butyrate was observed along the 
line of flow, a response similar to that observed with apple juice waste water. 
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4. Separatil).g the single UASB system into a two-in-series UASB system with the 
first reactor operating as a high pH2 reactor and the second as a low pH2 reactor, 
butyrate was formed in the high pH2 reactor whereas no butyrate was observed 
with apple juice waste water in a similar system. This difference in behaviour 
was attributed to the difference in sludge ages of the high pH2 reactor in the two 
systems: In the glucose system the sludge age ranged between 1,9 to 2,1 days 
whereas in the apple juice system the sludge age was 3,0 days. Recognizing that 
the generation time of butyrate oxidizers is about 2,3 days (Gujer and Zehnder, 
1983), in the high pH2 glucose system one would expect washout of these 
bacteria and hence appearance of butyrate. 
5. In a single (high/low pH2) UASB system where the sludge age is well in excess 
of 2,3 days one would expect butyrate generation and utilization to take place 
and follow a similar pattern to propionate i.e. generation in the lower active zone 
and disappearance in the upper active zone. The fact that this was not observed 
indicates that (i) the pH2 in the lower region is between 10-4,t and 10-2,7 atm, 
i.e. the pH2 is such that butyrate oxidation occurs instantaneously, and (ii) 
substrate utilization rate by butyrate oxidizing organisms is greater than 
butyrate generation rate by acidogens. 
6. The non-appearance of butyrate in the lower zone of the single UASB system 
indicates the presence of butyrate oxidizers in this region. This region also 
corresponds to the zone of pellet generation with relatively sho:i;t solids retention 
time (less than about 2 days). Consequently the presence of butyrate oxidizers 
in this zone indicates a degree of solids back mixing. The flow regime therefore 
would appear to be closely plug flow with respect to the liquid phase but not 
necessarily so for the solid phase. 
7. Using the reported acidogenic yield, from a glucose balance the fraction of 
acetate oxidized and hence the hydrogen flux could be estimated, and hence the 
gross specific yield (including organism mass + polymer) of the hydrogenotrophs. 
The gross specific yield ranged from 0,21 to 0,24 mgVSS/mgCOD(H2) removed. 
These values are approximately 6 times larger than reported values; this high 
yield value· is attributed to polymer generation. Observed excess mass concen-
tration of NH 3-N removed indicates the polymer to be composed predominantly 
of peptides. 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
6.33 
8. Decreasing the NH3-N concentration, from a concentration in excess to a 
concentration just sufficient for anaerobiC growth, resulted in a concomitant 
decrease in VSS specific yield from 0,52 to 0,11 mgVSS/mgCOD removed 
respectively. No VSS was generated by the hydrogenotrophs; this was shown to 
be so by the non uptake pf hydrogen (energy source): their decreased activity is 
ascribed to the intracellular high ATP/ ADP level within the hydrogenotrophs 
(due to high pH 2 substrate source), which the species cannot decrease, through 
generation of amino acids and polypeptides, when NH 3-N is limiting. 
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CHAPTER 7 
HYPOTHESIS VERIFICATION 
1. INTRODUCTION 
According to the hypothesis on pelletization proposed in Chapter 5, two prime 
conditions must be satisfied for pellet formation: (1) a high H2 partial pressure (high 
pH2) and (2) an excess supply of free and saline ammonia (NH 3-N). The following 
situations were identified where one or both of these conditions would not be 
satisfied and accordingly pelletization will be limited or not take place at all: 
(1) System operation such that low pH2 is the norm, i.e. completely mixed 
anaerobic systems operated for high methane production and organic 
removal. 
(2) Treatment of substrates in a UASB system that do not apparently yield 
hydrogen such as acetate. 
J 
J 
(3) Limitation of the NH 3-N supply with substrates producing high pH2 in 
UASB systems - limiting NH 3-N will limit the over production of amino 
acids, and hence limit polypeptide production. 
(4) Treatment of substrates in UASB systems that can be broken down only 
under low pH2, e.g. short and long chain fatty acids as sole substrate, or 
with lipids as sole substrate. 
(5) Presence of electron acceptors such as sulphate ions (sor) in the influent 
feed. Under normal operating conditions even though the substrate (for 
example a carbohydrate) does produce H2 sufficiently fast to generate a high 
pH2, secondary reaction (sulphate reduction) abstracts hydrogen 
preferentially thereby reducing pH 2 and hence limiting pelletization. 
With regard to (1) above, in Chapter 2 it was stated that there has been no report in 
the literature that completely mixed systems exhibit pelletization. 
With regard to (2) where acetate has been used as sole carbon source in a UASB 
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system, no pelletization has been observed, see Chapter 2. 
With regard to (3), in Chapter 6, it was shown that in a UASB system with glucose 
as substrate, when NHa-N in the feed was limited to a concentration sufficient for 
. ' 
cell synthesis, pellet production decreased markedly. 
With regard to ( 4), in Chapter 2 literature reports of mixtures of short chain fatty 
acids such as acetate and propionate as substrate in UASB systems produced poor 
quality pellets; their formation was ascribed to the presence of a substantial 
concentration (as COD) of yeast extract. With olive oil processing wastes (lipid) no 
pelletization was observed; the sludge bed formed was uniform and smooth in 
consistency with good settleability. 
With regard to (5), ;Russo (1987) observed that in a UASB system treating a paper 
re-pulping waste (503 carbohydrate, 503 short chain fatty acids, with COD ~ 5000 
mg/l) containing sulphate (sor ~ 300 mg/l) pellet formation was limited and of 
poor quality. He observed complete removal of sulphate with production of hydrogen 
sulphide and an increase/reduction of the pellet size when the batch sor 
concentration was lower/higher. 
Although the evidence in ( 4) and (5) appears to support the hypothesis on 
pelletization, the evidence is not unequivocal. The olive oil processing waste is 
complex and contains organics such as polyphenols, sugars, polyalcohols, 
proteinaceous and lipid compounds (Boari et al., 1984), - there is no certainty that a 
pure lipid can in fact be treated in a U ASB system. Similarly, in the study of Russo 
(1987) the waste was complex and the mass production of pellets was not predictable 
quantitatively so that the effects of sor could be evaluated only qualitatively. 
In this chapter, the objectives were to enquire into the response of UASB systems to: 
(1) an influent with different concentrations of the electron acceptor sor, with 
glucose as sole substrate, and 
(2) an influent with the defined long chain fatty acid, oleic acid, as the sole 
substrate. 
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2. BIOCHEMICAL BACKGROUND 
2.1 Sulphate reduction 
Sulphate reducing microorganisms ( sulfidogens) utilize similar intermediate anaerobic 
fermentation products as the methanogens. With glucose as substrate both groups 
have species that utilize hydrogen or acetate as energy sources. 
Within the sulfidogens the principal species mediating sulphate reduction is believed 
to be Desulforibrio desulphuricans (Thauer, 1982). This organism utilizes hydrogen 
as energy source (electron donor) and sulphate (sor) as terminal electron acceptor. 
With H2 as electron donor reduction of sor can be expressed as: 
That is, for each mole of s,or reduced, 4 moles of H2 are consumed. (In 
methanogenesis, where C02 is reduced, 4 moles of H2 also are consumed). Equation 
(7.1) also shows that reduction of 1 mole sor by 4 moles of H2 produces two moles 
of alkalinity (100 mg alkalinity as CaC0 3) i.e. alkalinity is generated and hence pH 
of the medium would tend to increase. 
Sulfidogens such as Desulfotomaculum acetoxidans and Desulfobacter postgatei can 
use acetate as the energy source and sor as the terminal electron acceptor. With 
acetate as electron donor, reduction of sorcan be expressed as: 
(7.2) 
That is, for each mole of SO r reduced, 1 mole of acetate is consumed. 
(Stoichiometrically this reaction is similar to acetate cleavage during 
methanogenesis). Equation (7.2) shows that reduction of 1 mole sor by oxidation 
of 1 mole acetate generates 2 moles of alkalinity (100 mg alkalinity as CaC0 3). 
From studies on microbial reduction, Laanbroek et al. (1981) concluded that 
acetate-oxidizing sulphate reducing organisms generally are not present in low 
salinity environments such as anaerobic digesters. Isa et al. (1986) observed that 
sulphate reduction was not promoted with acetate as substrate. These would 
indicate that sulphate reduction usually should take place with H2 as the energy 
source. 
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2.2 Lipid fermentation 
Lipids (fats and greases) are first hydrolysed to organic monomers such as long chain 
fatty acids (LCFA) and glycerol. Neutral fats are hydrolysed as follows (Hanaki 
et al., 1981): 
CH20COR1 RiCOOH CH20H 
I I 
CHOCOR2 + 3H20 
-
R2COOH + CHOH (7.2) 
I I 
CH20COR3 R3COOH CH20H 
neutral fat long chain fatty acids glycerol 
where Ri, R2 and R3 are alkyl groups .. 
The hydrolysis reaction above, to yield free LCF A, is reported to be rapid 
(Heukelekian and Mueller, 1958). The LCF A are degraded further by the obligate 
proton-reducing (H2 forming) acetogenic bacteria via ,8-oxidation to short chain fatty 
acids (SCF A), C02 and H2; even-carbon numbered LCFA are degraded to acetate, 
H2 and C0 2 and odd-carbon LCFA to acetate, propionate and H2 with proton 
serving as the electron acceptor (Mcinerney et al., 1981; Jeris and McCarty, 1965). 
These reactions are: 
Even-numbered CH3(CH2)14COO- + 14H20 __.. 8CH3COO- + 14H2 + 7H+ 
(palmitate) (7.3) 
Odd-numbered CH3(CH2)sCOO- + 4H20 - CH3CH2COO- + 2CH3COO-
( octanoate) + 4H2 + 2H+ (7.4) 
Thermodynamically these reactions are feasible only if the hydrogen partial pressure 
(pH2) is kept very low - Novak and Carlson (1970) indicated that H2 generated 
during the degradation of LCFA inhibited the reaction; Heukelekian and Mueller 
(1958) reported that LCFA were not degraded during the acid-forming phase where 
methane w!ls not produced. 
2.3 Oleic acid fermentation pathway 
Oleic acid, an unsaturated fatty acid with an 18 carbon chain is degraded primarily 
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by beta-oxidation to acetate, hydrogen and carbon dioxide (Weng and Jeris, 1976). 
This reaction is mediated by H2-producing acetogenic bacteria. Weng and Jeris 
(1976) found that either acetic acid only or acetic plus propionic acids can l;>e 
produced during anaerobic fermentation of oleic acid. They proposed two 
biochemical pathways for the fermentation of oleic acid to explain the two respectiv~ 
processes. These two pathways are set out in Fig 7.1 and 7.2 respectively. 
In both pathways the reactions are thermodynamically unfavourable unless the 
partial pressure of hydrogen (pH2) is maintained at an extremely low level. 
3. EFFECT OF SULPHATE 
A UASB reactor, effective volume 9£, was seeded with 3£ of pelletized sludge 
obtained from a UASB reactor, at 30° C, fed .with glucose. Glucose was used as the 
sole organic carbon source with COD concentration approximately 5000 mg/ l The 
feed was supplemented with trace elements and nutrients for organism growth 
(details of composition are given in Chapter 3), with excess NH3-N, and buffered by 
addition of 1,6 mg alkalinity as CaC0 3 per mg influent COD. The loading on the 
reactor was maintained at 8,3 kgCOD/m3 reactor/d (influent COD concentration ~ 
5000 mg/£, flow rate: 15£/d). The feed was supplemented with sor in the form of 
anhydrous sodium sulphate. The effects of different sor concentrations were 
investigated for the range 100-5000 mgSO r I l. 
The pelletized sludge initially was acclimatized to· a sulphate concentration of 100 
mgsor/t. In less~than three weeks 90 per cent of the sor was reduced to sulphide 
and the overall COD, NH3-N and sor removals remained constant. It was accepted 
therefore that steady state had been established. (Subsequently on average it was 
found that after each incremental increase in sor concentration, three weeks were 
needed before steady state was reattained). 
Once a steady state had been attained, samples were taken along the line of flow and 
measurements made of: total soluble COD, short chain fatty acids, free and saline 
ammonia, total Kjeldahl nitrogen {hence organic nitrogen by difference), sor and 
p~. Measurements were made according to the methods described in Chapter 3. 
Sulphate concentration was determined by the turbidimetric method as outlined in 
Standard Methods (1985). For measurement of total soluble COD, the sample first 
was stripped of the sulphide by bubbling nitrogen gas through the sample (the s2- is 
oxidized to sor during the COD test and hence will given an inflated COD value). 
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Fig 7.1: 
7.6 
-4H ( 2) 2CHs(CHz17COOH - 2CHslCHzl5CH=CHCOOH 
-4H 
-2cH,ICHzl5 COCHzCOOH 
2H20 
- 2CHslCH2l 5 COOH + 2CHsCOOH 
Repetition of first L 
4 steps 2 times 2CH4 + 2C02 
2Ct:HsCHzCOOH + 4Cf :sCOOH 
HzO 4CH4 + 4C02 
2CH3COOH + 2HCOOH +SH 
JH4 + 2co2 L2c0z + 4H 
( 1) CH3ICHzl7CH=CHICHzl7COOH + 18Hz0 - 8CH4 + tOC02 + 38H 
( 2) 38H + ~ COz - 1: CH4 + 1: HzO 
If klbeled 10dium bicarbonate or oleic acid· IC-14 ore used: 
51 
SA C02 = Total moles of CH4 = 4 = 2. 68 CH4 Moles radioactive CH4 19 
4 
Possible pathway for oleic acid fermentation producing propionic and 
acetic acids (after Weng and Jeris, 1976). 
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Fig 7.2: 
7.7 
- 2H • • H2') 4 t 
- CH,C_HzlCHz~s CH=CHCOOH - CHsCHzlCHzl13CHOHCHzCOOH 
~ CHstH2ICHzl1sCOOH + ~HsCOOH 
Repetition of steps L• 
2 to !S 7 times CH .. + C02 
• ~-------CH3COOH + 7CH3COOH 
+ • + CH 4 + C02 7CH4 + 7C0z 
• • (I, CH3CHz(CH2l6CH=CH(CHzl7COOH + t6Hz0-9CH .. + 8C02+ C02 + 30H 
CO Total moles of CH 4 
SA - 2 = = 
CH.. Moles radioactive CH .. 
• and • indicate C14 
t5 + 9 
4 
t!S 
4 
= 3·40 
o indicates reduced radioactivity due to dilution with C02 
Possible pathway for oleic acid fermentation producing acetic acid only 
{after Weng and Jeris, 1976). 
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7.8 
4. RESULTS 
4.1 Single UASB system 
With glucose as substrate at a constant loading of ,8,3 kgCOD/m3/d (influent 
concentration ~ 5000 mgCOD/ l, flow rate: 15l/d), six sor concentrations were 
tested i.e. (i) 100, (ii) 200, (iii) 400, (iv) 1000, (v) 3000 and (vi) 5000 mgsor/L 
Profiles of the parameters: soluble COD, propionate, acetate, NH3-N, organic 
nitrogen (orgN), sor and pH, measured along the line of flow in the reactor, are 
shown in Figs 7.3 to 7.8 for the different sor concentrations. With each sor 
concentration the system attained stability and the COD removal remained above 90 
per cent. 
The concentration profiles (Figs 7.3 to 7.8) show trends of behaviour similar to those 
of a UASB system with glucose as substrate but with no sor present in the feed. 
From Figs 7.3 to 7.8 and Table 7.1, in the_ lower active zone (up to sampling port 
No.l), as sor concentration increased from 100 to 5000 mg/ l in the influent feed so 
the magnitudes of some parameters were increasingly affected. At sampling port 
No.1: 
• All the acetate and propionate profiles showed maxima but the maxima 
decreased with increased influent sor. 
• For sor concentrations below 400 mg/ l, except for a relatively small constant 
residual (~ 10-20 mgsor/l) all of the sor was removed from soluticm, that is, 
sor removal was virtually equal to the influent sor (see Fig 7.9); for sor 
concentrations of 1000 up to 5000 mg/ l, a relative constant mass of so r from 
590 to 610 mgsor was removed (Fig 7.9). With the fixed COD loading applied, 
in this range of sor loading, a maximum sor removal was achieved (~ 600 
mgsor / l), i.e. a specific COD loading has associated with it a specific 
maximum capacity for sor removal. 
• Ammonia removal (~NH3-N) decreased linearly with regard to sor removal 
(~sor), from 86,8 mgN/l to 64,9 mgN/l (see Fig 7.10). 
• COD removal (~COD) increased linearly with ~sor, from 2979 to 3596 
mgCOD/l, for ~sor from 90 to 600 mg/l (see Fig 7.11). 
• Short chain fatty acids (SCF A) concentrations, both acetate and propionate, 
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Table 7.1: 
sor 
mg/l 
0 
100 
200 
400 
1000 
3000 
5000 
7.15 
Response of the lower active zone of a single UASB reactor to sor 
concentrations. 
ilCOD ilNH3 ilsor HAc HPr 
mgCOD/l mgN/l mg/l mg/l mg/l 
2272 89,2 0 1244 944 
2979 86,8 92 867 833 
3014 79,8 180 955 777 
3353 73,7 379 578 444 
3455 66,5 590 231 371 
3572 65,6 620 244 356 
3596 64,9 615 256 312 
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2 ('T:houaande~ 
Influent Sulphate(mg 04/1) 
so r removal versus influent so r concentration in the lower active 
zone of a U ASB system with glucose as substrate. 
200 400 eoo 
Sulphate removed(mgS04/I) 
NH3-N removal versus influent sor removal in the lower active zone 
of a UASB system with glucose as substrate. 
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200 "400 eoo 
Sulphate Nmoved(m9S04/l) 
COD removal versus influent SOf removal in the lower active zone of 
a UASB system with glucose as substrate. 
200 "400 eoo 
Sulphate Nm0Ved(m9S04/I) 
Short chain fatty acid concentrations versus SO f removal in the lower 
active zone of a U ASB system with glucose as substrate. 
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7.18 
decreased linearly with L'.lSO r, acetate from 867 to 256 mgHAc/ l and propionate 
from 833 to 312 mgHPr/ l (see Fig 7.12). 
• For the same mass of alkalinity in the feed, over the range of sor 
concentration, the pH was virtually unaffected by the sor concentration; the 
pH in the influent dropped from 8,33 to about 6,6 to 6,8 at port No.1 where the 
lowest pH in the profiles was observed, thereafter it increased sharply to a stable 
value between 7,3 and 7,4. 
• Pellet size decreased with increasing influent sulphate concentration from 
2-3 mm in diameter ( s 0 r ~ 400 mg/ l) to 1-2 mm in diameter (so r ~ 1000 . 
mg/ l). Concomitantly the sludge bed volume decreased by about 700 ml, 
attaining a stable low volume at concentrations of 1000 mgsor/l and above. 
The data points to the following behaviour pattern: The observation that propionate 
was always present even at the highest sor influent concentrations (from 1000 to 
5000 mg/ l) would indicate that a high pH2 always was generated in the lower active 
zone of the UASB reactor, and accordingly pellet generation would take place. One 
may ask why is the pH2 not completely suppressed at high sor? An explanation is 
possible from the investigations of Kristjansson et al. (1982) and Kristjansson and 
Schonheit (1983). Kristjansson et al. (1982) showed that at high pH2. (high H2 
substrate concentration) both methanogenesis and sulphate reduction (both using 
hydrogen as the energy source) can take place simultaneously. They observed that 
at high pH2 the ratio of the rates of production of H2S to CH4 (H 2S/CH4) in mixed 
cell suspensions in D. vulgaris (a sulphate reducer utilizing H2 as energy source) and 
M. Strain AZ was H2S/CH4 = 1; when pH2 was lowered the rate ratio H2S/CH4 
increased to 5 demonstrating that at low pH2, the sulfidogen would tend to dominate 
over the hydrogenotrophic methanogens. In the experiment reported in this chapter, 
at the bottom of the reactor where pH2 is high the methanogens therefore can 
compete successfully for H2 against the sulfidogens. With excess sor, it would 
appear that the methanogens utilized a relatively constant fraction of the H2 
generated: In the three profiles at so r concentration of 1000, 3000 and 5000 mg/ l, 
at port No.1, (i) the propionate concentration remained virtually constant, and (ii) 
NH 3-N uptake was approximately constant. Furthermore the sludge bed volume also 
remained constant. With regard to NH 3-N uptake, Fig 7.10 shows that NH3-N 
uptake is linearly related to the sor removed; the higher the sor removal the 
lower the NH 3-N uptake. This behaviour is a direct consequence of the decreasing 
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availability of hydrogen to the hydrogenotroph M. Strain AZ due to the increasing 
removal of H2 by the sulfidogens. (Because there is a limit to the mass of sor 
removal there is also a lower limit to NH3-N removal). 
4.2 High pH2 U ASB system 
In order to obtain an estimate of the VSS yield with excess sor in the influent, two 
3l U ASB reactors were set up to operate in parallel as high pH2 reactors. The first 
reactor was fed a trace of sor (1,06 mgsor/£) sufficient for normal anaerobic 
growth. The second reactor was fed an excess of sor (5000 mgsor/l). The first 
reactor was seeded with pelletized sludge obtained from the lower active zone of a 
single UASB system fed with glucose substrate (influent COD concentration ~ 5000 
mg/l, flow rate: 15£/d, NH3-N: 173,6 mgN/l); the reactor was seeded up to the 2nd 
port (equival~nt to port No.2 in a single UASB system), a volume of 0,7£. The 
second reactor likewise was seeded with 0,7£ of sludge obtained from the lower active 
zone of the single UASB system described in the previous section, also with glucose 
as substrate (influent COD concentration :::: 5000 mg/£, flow rate: 15£/d, NH3-N: 
173,6 mgN I l, sor :::: 5000 mg/ l). Both systems that supplied the seed sludges had 
been operating in a stable state for six months. 
In Table 7.2 are listed the responses of the two high pH 2 systems at excess and trace 
sor concentrations. Taking the system with trace sor as the reference, the system 
with excess sor exhibited the following deviant responses: 
• Mass COD removed per day was greater by 11,88 gCOD/d; from 29,18 to 42,06 
gCOD/d. 
• NH3-N removal decreased markedly from 86,8 to 58 mgN / l. 
• Dissolved orgN in the effluent was significantly lower, from 33,6 to 4,1 mgN/l. 
• SCF A concentrations were lower; acetate from 987 to 690 mgHAc/ l and 
propionate from 815 to 495 mgHPr/ l. 
• VSS wasted from the system was in the form of fines with some granules of 
smaller diameter. 
• Net VSS yield declined from 8,3 -10-2 to 1,6 .10-2 mgVSS/mgCOD influent. 
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Table 7.2: Responses of the high pH2 reactor at excess and at limiting sor 
influent concentrations. 
Excess Limited 
sor system sor system 
Loading (kgCOD/d) 0,076 0,077 
COD in (mg/ l) 5080 5100 
COD out (mg/ l) 2276 3185 
COD removed per day (gCOD/d) 42,06 29,18 
COD removal (%) 55 43 
NH3-N (mgN/l) In 173,6 173,6 
NH3-N (mgN/l) Out 115,6 86,8 
Dissolved orgN - effluent ( mgN / l) 4,1 33,6 
Volume of sludge wasted (ml/d) 100 180 
VSS generated (mgVSS/d) 1224 6361 
Net yield 1,6 .10-2 . 8,3·10-2 
(mgVSS/mg influent COD) 
Nature of VSS generated mainly fines mainly gran.,. 
with some ules with¢ 
granules of between 
¢ ~ 0,5-1,0mm 1 and 3mm 
Sludge VSS (gVSS/ l) 30,40 35,34 
Sludge TSS (gTSS / l) 33,17 37,95 
SCF A (effluent) 
Acetate (mgHAc/ l) 690 987 
Propionate ( mgHP~ l) 495 815 
Butyrate (mgHBr/ 
"' "' 
Note: !::.. represents difference between influent and port 1 values. 
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With regard to the reported yield values the VSS yield parameter mgVSS/mgCOD 
removed is not the appropriate one for comparative purposes.1 It is deficient for the 
following reasons: The volume of the sludge bed in the high pH2 reactor was O, U. 
This volume is in excess of the volume comprising the high pH2 zone. However at 
the time the experiment was undertaken it was not certain if the pH2 zone extended 
to between sample ports Nos.1 and 2; to ensure that the whole pH2 zone was present 
the sludge up to sampling port No.2 was used as the seed sludge for the high pH2 
reactor. However at sampling port No.2 in the single UASB reactor, the results 
obtained clearly show that the propionate concentration already was reduced to a 
low value, indicating that pH2 was sufficiently low that propionate conversion to 
acetate, C0 2 and hydrogen was thermodynamically feasible. As a consequence some 
COD removal due to CH4 generation had taken place, to some unknown degree. For 
comparative purposes the VSS yield rather should be expressed in terms of some 
constant COD parameter such as the influent COD. In Table 7.2 the specific VSS 
yields for the two high pH2 systems are expressed in terms of the influent COD, viz. 
8,3.10-2 and l,6.10-2 mgVSS/mg influent COD for the trace sor and excess sor 
systems respectively. That is, the VSS yield for the trace sor system was more 
than 5 times greater than the VSS yield of the excess sor system. [Note that the 
yield for the trace sor system was slightly less than that obtained in the high pH2 
system (10,4· 10-2 mgVSS/mg influent COD) in Chapter 6. The reason for this is 
that in the trace sor system, the sludge bed included both high and low pH2 zones 
and hence some destruction of the VSS can be expected in the low pH2 zone of the 
bed. However in Chapter 6 the VSS yield determination was made on the sludge bed 
comprising only a high pH2 zone so that pellet destruction was at a minimum]. 
The decrease in orgN concentration (from 33,6 mgN I l for the so r trace system to 
4,1 mgN/l for the sor excess system) is in conformity with the hypothesis on 
pelletization in that a decrease in the generation and release of amino acids by 
M. Strain AZ can be expected due to a reduction in hydrogen availability in the 
so r excess system. 
From the discussions above the behavioural pattern of a UASB system with glucose 
as substrate, is crucially influenced by the pH2. Sulphate reduction, because it 
abstracts hydrogen, is the main cause for modifying the pH2. Recognizing this, the 
observed reduction in pellet formation and organic nitrogen generation can be 
1Jn Chapter 6 this parameter was used, but it was for different purposes - the COD 
fraction utilized in the generation of the pelletized sludge mass. 
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explained in terms of the hypothesis on pelletization proposed in Chapter 5. The 
experimental results showed that (i) the presence of sor in the influent feed of a 
UASB system with glucose as substrate will reduced pellet formation and, (ii) this 
reduction is in conformity with the predictions of the hypothesis on pelletization. 
5. SINGLE UASB SYSTEM WITH OLEIC ACID AS SUBSTRATE 
5.1 Substrate selection 
In the introduction it was noted that hydrolysis of a lipid to its monomers (LCF A) is 
rapid, the limiting ratein the fermentation of a lipid to methane is in the conversion 
of LCF A to SCF A. Hence in studying the response of a U ASB system to a lipid 
substrate one needs only to use the monomer as the influent substrate. 
Of the LCF A, oleic acid was selected as an appropriate substrate because: 
(i) It is more soluble than other LCF A at room temperature, 
(ii) Its degradation rate is reported to be faster than any of the saturated LCFA 
(Vishwanathan et al., 1962) and, 
(iii) Its exact metabolic pathway has been described (Weng and Jeris, 1976). 
5.2 Experimental 
The behaviour of a U ASB system with oleic acid as substrate was investigated at 
30° C. A 9l U ASB reactor was seeded with 3l of pelletized sludge obtained from a 
UASB reactor at 30° C which had been fed with a glucose substrate (COD 
concentration ~ 2500 mg/ l; flow rate: 30£/d. To acclimatize the seeding sludge, a 
mixture consisting of glucose (COD: 2000 mg/l) and oleic acid (COD: 500 mg/l) 
with total COD 2500 mg/ l was fed at a flow rate of 15£/ d (i.e. organic loading: 4,17 
kgCOD/m3/d). The feed was supplemented with trace elements and essential 
nutrients (detailed compositions are given in Chapter 3); the nutrient NH 3-N was 
supplemented in excess (68 mgN / l). For pH control, the influent was buffered by 
addition of lOOg NaHC0 3 per 15£ of feed. The feed was made up with warm tap 
water to ensure that the oleic acid dissolved completely. The feed bucket was kept 
at room temperature (20° C) and the bucket contents continuously stirred. 
Over a period of about 5 months the oleic acid concentration in the feed was 
increased in steps of 500 mgCOD / l, and simultaneously the glucose concentration 
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was decreased by 500 mgCOD/i, until the feed consisted only. of oleic acid (2500 
mgCOD/l). A step change in feed composition was effected only after the overall 
COD removal had shown a stable response for five consecutive days. As the oleic 
acid fraction increased in the feed, the overall COD removal decreased, and when the 
feed consisted of 100 per cent oleic acid (2500 mgCOD / l), the overall COD removal 
stabilized around 65 per cent. 
Initially when the feed consisted of glucose (2000 mgCOD/ l) and oleic acid (500 
mgCOD/l), lOOg NaHC0 3 per 15£ of feed were required to maintain the pH around 
7,2 in the liquid above the sludge bed. As the oleic acid fraction in the feed 
increased so the pH in the reactor tended upwards and the mass of NaHC0 3 added 
had to be decreased to maintain the pH around 7,2. By the time the feed consisted 
of 100 per cent oleic acid, the mass of NaHC0 3 added had been reduced to less than 
one quarter of the initial mass added. However even with this low alkalinity 
supplementation, the pH continued to increase to above 7,7. At this stage however 
it was decided that the NaHC0 3 mass addition should not be reduced further (less 
than ,25g NaHC0 3 per 15£ influent), to ensure that a C02 limitation (for 
methanogenesis from H2) may not arise. Accordingly the minimum NaHC03 
addition was fixed at 25g/15l influent and the pH controlled by addition of a strong 
acid, HCL With 100 per cent oleic acid in the feed, addition of 100 mi 1% (v/v) 
HCi to 15l of feed was sufficient to keep the pH of the reactor at approximately 7,3. 
5.3 llesults 
The UASB reactor fed with 100 per cent oleic acid as substrate, at a loading of 4,17 
kgCOD/m3/d (influent concentration 2500 mgCOD/i, flow rate: 15l/d), operated in 
a stable state with removals from influent to effluent of: ~COD = 65 per cent and 
~NH3-N = 5,2 mgN/l. Effluent organic nitrogen was 1,9 mgN/l, pH of the reactor 
7,40 and effluent acetate: 13 mgHAc/ i. Concentration profiles, of soluble COD, 
SCF A, NH3-N, orgN and pH, measured along the line of flow in the reactor are 
shown in Fig 7.13 (a, band c). The profiles exhibit: 
• No distinct zones of behaviour (c.f. profiles with glucose as substrate, Fig 6.5) 
• No propionate and very little acetate concentration, maximum 47 mgHAc/i. 
• Very low NH3-N removal, 5,2 mgN/l. 
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• A relatively low percentage COD removal, 65 per cent. 
• Virtually no pH change in the sludge b~d. 
With regard to the behaviour of the sludge bed, as the fraction of oleic acid in the 
feed increased so the pellets in the sludge bed progressively disintegrated. However 
pellet debris discharged to the liquid above the sludge bed was not observed. The 
pellets and the debris appeared to be encapsulated by the gelatinous mass. By the 
time the feed consisted of 100 per cent oleic acid, the sludge had changed to a 
uniform gelatinous mass, off white in colour. Microscopic examination of the mass, 
however, indicated that pellet debris was still present but did not show up in the 
visual appearance of the sludge. The bed volume of the sludge decreased over the 
course of the experiment (about 6 months) and with 100 per cent oleic acid feed 
stabilized at a volume of about 2,4l from an initial bed volume of 3l. The density of 
the sludge was low, ~ 15 000 mgVSS/l compared to that observed in the pelletized 
bed (about 35 000 mgVSS/l). However the sludge mass was well defined with a 
compact appearance; did not appear to be disturbed under the shear action of 
escaping gas bubbles - the bubbles travelled up the bed leaving a well defined trail 
which slowly closed up. Neither did the sludge mass shed fines so that no sludge 
blanket formed above the bed. 
5.4 Discussion 
Weng and Jeris (1976) proposed two detailed metabolic pathways for the degradation 
of oleic acid whereby the SCF A generated could· be either propionate and acetate or 
acetate only. They found that propionate was produced only in trace amount 
occasionally and concluded that the pathway producing acetate only is the 
predominant one. In this investigation with 100 per cent oleic acid in the feed, the 
acetate and propionate bed profiles (Fig 7.13a) show that only acetate was observed; 
this would indicate that the metabolic pathway producing acetate only was the 
predominant one. Even if propionate was generated this would not be indicative of a 
high pH2• The production of SCF A such as propionate and butyrate during the 
fermentation of odd-carbon number LCF A can only take place under low pH2 
conditions, hence the appearance of propionate or butyrate will indicate that most 
likely the LCF A has been fermented. Accepting that fermentation of a lipid to 
methane can take place only if pH2 is low; one of the requirements for pelletization 
is not fulfilled and pellet formation cannot be expected to take place. In the absence 
of direct measurement of pH2 this behaviour is confirmed by: (i) the low uptake of 
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NH3-N and, (2) the low production of organic nitrogen in the bed. In terms of the 
hypothesis on pelletization, the NH 3-N uptake and organic nitrogen production 
should have been high if pellet formation had taken place. 
The interesting feature in the treatment of oleic acid in the UASB system is that a 
well defined sludge bed was formed, but of a gelatinous texture. This type of bed 
and its texture appears to be very similar to that obtained in a U ASB system 
treating an olive oil processing waste water (Boari et al., 1984). Furthermore Boari 
et al. (1984) noted that the sludge bed condition was very poised; if disturbed by 
mechanical agitation the integrity of the bed was destroyed and the bed was lost in 
the effluent. 
6. CONCLUSIONS 
The following conclusions can be summarized: 
1. In UASB systems with glucose substrate pellet formation was reduced markedly 
when sulphate (sor), an electron acceptor, was added to the influent feed. 
Under normal operating conditions even though the fermentation of glucose 
produces hydrogen sufficiently fast to generate a high pH2, sulphate reducers 
utilize hydrogen preferentially thereby reducing pH2 and hence limiting 
pelletization. This is supported by the following experimental observations: 
(a) The reduction in the NH3-N uptake as sor increased. NH3-N decreased 
linearly with sor removal (.6.sor). 
(b) COD removal increased linearly with ( .6.SO r). 
( c) Short chain fatty acids concentrations, both acetate and propionate, 
decreased linearly with .6.sor. The reduction in propionate concentration 
indicated that the pH2 was sufficiently low so that acetogenesis took 
place. 
(d) Pellet size decreased with increasing influent sor concentration from 
2-3 mm in diameter (sor ~ 400 mg/() to 1-2 mm in diameter (sor ~ 
1000 mg/(). Concomitantly the sludge bed volume decreased by about 
700 ml, attaining a stable low volume at concentrations of 1000 mgSO r I l 
and above. 
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(e) In the high pH2 reactors: the VSS yields were 8,3·10-2 and 1,6·10-2 
mgVSS/mg influent COD for the trace and excess sor systems 
respectively; i.e. the vss yield for the trace so r system was more than 
5 times greater than that of the excess sor system. The NH3-N uptake 
decreased from 86,8 to 58 mgN / l with a concomitant reduction of organic 
nitrogen generated from 33,6 to 4,1 mgN/l for the trace sor and excess 
sor systems respectively. This behaviour is in conformity with the 
, hypothesis on pelletization in that a decreased in the NH 3-N uptake, with 
a concomitant reduction in the generation and release of amino acids by 
M. Strain AZ can be expected due to a reduction in hydrogen availability 
in the so r excess system. 
2. In a UASB system with oleic acid as substrate, pelletization is not promoted. 
Fermentation of oleic acid to methane can take place only if pH2 is low; 
accepting this, one of the requirements for pelletization is not fulfilled and pellet 
formation will not take place. This behaviour is confirmed from concentration 
profiles as follows: 
(a) no distinct zones of behavior along the line of flow 
(b) low NH 3-N uptake (5,2 mgN/l) 
( c) low generation of organic nitrogen ( 2 ,8 mgN / l) 
( d) acetate was the only SCF A detected. This ·is in conformity with the 
metabolic pathway for the fermentation of oleic acid where acetate only is 
formed (Weng and Jeris, 1976). 
The sludge bed formed with oleic acid substrate was well defined but of a gelatinous 
texture. This type of bed and its texture appears to be very similar to that obtained 
in a UASB system treating an olive oil processing waste water (Boari et al., 1984). 
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CHAPTERS 
EFFECTS OF A RECYCLE IN UASB SYSTEMS 
1. INTRODUCTION 
In the pH profile up the sludge bed of a UASB reactor treating apple juicing waste 
water, characteristically the pH commenced to decline, from the influent entry at the 
bottom, to a minimum at the point in the bed where the short chain fatty acids 
(S_CFA) concentrations attained maxima. Thereafter the pH increased monotonically 
to some stable value in the upper part of the bed. In this study when the minimum 
pH declined to below 6,6, the overall COD removal efficiency decreased and the 
SCF A concentrations in the upper part of the bed increased, i.e. the system showed 
signs of incipient failure. 
To limit the pH decline, alkalinity was added to the influent; about 1,6 mg 
alkalinity as CaC0 3/mg influent COD was necessary to maintain the minimum pH 
above 6,6. 
In a normal functioning completely mixed anaerobic fermentation system the net 
alkalinity consumption is virtually zero. The reason for this is that the system 
operates at a low hydrogen partial pressure and at a relatively low average organic 
loading per unit mass. of sludge; accordingly very little or no SCF A other than 
acetic acid are generated. With regard to the acetic acid generated, it is converted 
to methane at the rate generated, that is, from this source there is virtually no 
acidity generated and hence no alkalinity is required to counter the acidity effect. 
The only other source of acidity is the removal of free and saline ammonia (NH 3-N) 
for sludge production; this also is relatively minor in completely mixed anaerobic 
systems. In consequence usually no alkalinity addition to counter the acidity effects 
is necessary. However, the situation may be quite different in semi-plug or plug flow 
systems. In the U ASB system treating carbohydrate wastes firstly there is a net loss 
of alkalinity due to a substantial removal of NH 3-N converted to organic nitrogen for 
pelletized bed formation. Secondly in the pelletized bed there is a partial phase 
separation of acidogenesis and methanogenesis giving rise to a build up of SCF A in 
the lower active zone of the bed. In this zone the SCF A generated remove a 
significant concentration of alkalinity giving rise to an associated drop in pH. In the 
upper active zone of the bed the SCF A generated is converted to methane and 
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alkalinity is recovered with an increase in pH - from influent to effluent there is a 
minimal net alkalinity loss in the system. Thus the function of alkalinity 
supplementation is principally to control the pH decline in the lower active zone -
the alkalinity supplementation in the influent in effect eventually is wasted in the 
effluent. 
. \ 
Young and McCarty (1967) in their study of upflow anaerobic filters (operated as 
flow-through systems) observed a decline in pH at the bottom of the filter bed and 
subsequent recovery of the pH in the upper part. These filters operated as plug flow 
systems and, as in U ASB systems, there was a phase separation of acidogenesis and 
methanogenesis. They observed a reduction in COD removal efficiency when the 
minimum pH declined to about 6,2. In these respects the filter and UASB systems 
appear to behave in a similar fashion. 
In their study with protein-carbohydrate wastes, Young and McCarty (1967) found 
that at influent COD concentrations of 1500 and 3000 mg/ l, alkalinity addition of 
1500 mg/ l as Ca CO 3 was sufficient to maintain the pH above 6,6, i.e. t to 1 mg 
alkalinity as CaC0 3/mgCOD influent. Compared to the alkalinity addition found 
necessary in the UASB systems in this study (1,2 to 1,6 mg alkalinity as 
CaC0 3/mgCOD influent) their alkalinity addition was relatively small. Most likely 
this was due to the additional buffer capacity in the form of ammonia generated 
during fermentation of the proteinaceous component of the wastes, also more 
alkalinity was required for the U ASB system due to the acidic nature of the apple 
waste water. 
Capri (1973) when studying upflow anaerobic filters treating strong spent wine 
wastes (COD ~ 23 000 mg/l), countered the decline of pH by instituting a very high 
recycle ratio (recycle ratio ~ 35:1) without alkalinity supplementation. By this 
means the pH in the filter could be kept near 7 throughout the filter and allow 
treatment of the waste up to 4 kgCOD/m3/d. He noted that lower recycle ratios 
also might have been adequate. Cronje (1973) investigated the fermentation of 
glucose-starch wastes in upflow anaerobic filters with influent COD ~ 7000 mg/ l; he 
observed a decline in pH in the lower region of the filter and found that the pH 
decline could be controlle.d by imposing a recycle. Relatively low recycle ratios of 
0,9:1 were sufficient to control the minimum pH in the filter to 6,4 at the highest 
loading(~ 5 kgCOD/m3/d).1 
1At loading > 4 kgCOD /m3/d, Cronje (1973) observed a massive increase in VSS 
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The success achieved in pH control by instituting a recycle on the filters raised the 
question whether recycling also_ would act as a pH control measure iri UASB systems. 
However, whereas in the filter system the objective was only to maintain pH above 
6,6, in the UASB system a minimum pH ~ 6,6 was required but without disturbing 
the high hydrogen partial pressure region. No information was available on the 
effect of the recycle on the intensity and extent of the high pH2 region. 
This chapter records a study on the effect of recycling on the response of a UASB 
system with apple concentrate substrate at 30° C. 
2. EXPERIMENTAL 
In this investigation the same UASB reactor system was used as that described in 
Chapter 3. This system had been in operation for a number of months with diluted 
apple juice as substrate at a loading of 9,6 kgCOD /m3/d. For the purpose of this 
investigation the sludge bed volume was set at 3l because experience with this 
system had shown that with this sludge mass the biological reactions were complete 
well before the top of the sludge bed. The substrate was apple juice concentrate 
suitably diluted to the influent concentration to be tested. Nutrients and trace 
metal supplementations were as described in Chapter 3. The recycle stream was 
taken from the region above the bed at the sample port closer to the settler (see Fig 
3.1). A multi channel variable speed peristaltic pump was used both for the influent 
stream to the reactor and the recycle stream. The recycle tube was connected to the 
influent feed tube approximately 85 cm from where the combined stream entered the 
bottom of the reactor. 
3. EXPERIMENTAL INVESTIGATIONS 
3.1 Preliminary experiments 
The objective of this experimental series was to investigate what effects a recycle 
would have when imposed on a system that was operating efficiently without a 
recycle. The conditions under which the system was operated without a recycle are 
listed under Experiment 1, Table 8.1. Concentration profiles on the system are 
shown in Fig 8.1 (a, b and c). Note that the alkalinity supplementation 1,6 mgAlk 
as CaC0 3/mg influent COD, by addition of NaHCOa, was sufficient to maintain a 
minimum pH of 6, 71. 
production that caused extensive blockage in the filter and channeling. In the light 
of our present understanding his filter was commencing to form pellets! 
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A recycle of 1:1 was now imposed upon the system (Exp.2, Table 8.1}. Profiles of 
the response are shown in Fig 8.2(a, band c). The minimum pH increased from 6,71 
to 7,01. The alkalinity concentration in the effiuent remained approximately the 
same as the concentration in the base influent :flow. Thus the alkalinity 
concentration of the combined :flow (influent :flow + recycle :flow) was virtually equal 
to that in the base influent flow but the mass of alkalinity in the combined :flow now 
was twice the mass in the base flow. Comparing the two sets of profiles (Figs 8.1 
and 8.2} the SCF A concentration profiles were reduced to slightly less than half their 
former values. This was due to the diluting effect of the combined :flow. However 
the SCFA :fluxes (:flow x concentration) at the maximum (sample port 1} for both 
systems remained approximately equal. In the lower active zone of the recycle 
system because the alkalinity /SCF A ratio had increased the minimum reactor pH 
also increased. In the upper active zone where the SCF A in both systems had been 
reduced virtually to zero, the pH of both systems was near identical because the 
alkalinity concentrations were the same. 
From this experiment it was concluded that alkalinity supplementation per influent 
COD could be reduced by recycling from the effiuent to the influent, but it was not 
clear by how much alkalinity supplementation could be reduced. Accordingly the 
influent COD concentration was increased from 2500 to 5000 mg/ l, but the mass 
alkalinity addition was maintained as before i.e. the alkalinity/COD ratio was 
reduced from 1,6 to 0,85 mgAlk as CaC0 3/mg influent COD (see Exp 3, Table 8.1). 
Initially the system was operated with no recycle. Immediately the minimum pH 
declined to 6,11; over the next few days the COD removal declined from 97 to 82 
per cent; the SCF A in the effiuent increased from near zero to 100 mgHAc/ l and 
583 mgHPr/I:, within 24h extensive pellet break up commenced, a layer of fine pellet 
debris collected at the top surface of the sludge bed and the VSS generated per day 
declined from 4,88 to 3,18 gVSS/d. It was uncertain whether imposition of a recycle 
would be sufficient for the system to recover; to assist recovery the influent COD 
was reduced to 4250 mg/l (see Exp 4, Table 8.1), that is, the alkalinity/COD ratio 
of the base :flow increased to 1,0. Minimum pH increased to 6,23 which was still low, 
but the COD removal improved to 90 per cent and the effiuent SCF A reduced to 33 
mgHAc/l and 150 mgHPr/l A recycle of 1:1 was now instituted (Exp 5, Table 8.1), 
inducing an effective alkalinity/influent COD of 2,0 mgAlk as CaC0 3/mg influent 
COD. Minimum pH recovered from 6,23 to 6,64 within a day; the COD removal 
improved from 90 to 97 per cent and SCFA in the effiuent reduced to 11 mgHAc/l 
and zero HPr. Profiles of the system after recovery are shown in Fig 8.3 
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(a, b and c). 
To check if the system was operating consistently after the changes made above, the 
influent COD was again increased from 4250 to 5000 mg/ l, keeping the alkalinity 
supplementation at 0,85 mgAlk as CaC03/mgCOD influent and removing the 
recycle. Immediately in the single flow-through system the pH declined to 6,11 and 
COD decreased to 83 per cent as before. 
From this preliminary study it was concluded that (1) a recycle reduced the 
alkalinity supplementation necessary to maintain the minimum pH above 6,6 and (2) 
the recycle appeared to have little or no adverse influence on the efficiency of the 
system provided the minimum pH required is satisfied. 
3.2 High influent COD concentrations 
In this series of experiments the objectives were to determine if high influent COD 
concentrations could be treated adequately in the UASB system and if so in what 
measure the alkalinity supplementation in the feed can be reduced by imposing a 
recycle. The influent COD was increased to 2 to 3 times the average COD normally 
encountered in apple juice waste water (viz. ::: 2500 mgCOD/l). 
Initially the loading on the system was set at 9,6 kgCOD/m3/d; influent COD 
concentration:::: 5000 mg/l, flow rate: 15l/d, alkalinity supplementation:::: 1,2 mgAlk 
as CaC0 3/mg influent COD and no recycle (Exp 6). The system response was 
stable; minimum pH 6,62 and overall COD removal 96 per cent, that is, an 
Alk/influent COD ratio of 1,2 was adequate to maintain the pH at 6,6. A 1:1 
recycle was instituted (Exp 7) and at the same time the alkalinity supplementation 
in the feed reduced from 1,20 to 0,71 mgAlk as CaC03/mg influent COD. However, 
with the recycle in operation the effective Alk/influent COD was 1,42. 
Concentration profiles are shown in Fig 8.4(a, b and c); the minimum pH increased 
from 6,62 (no recycle) to 6,80 and overall COD removal was 98 per cent, i.e. an 
effective Alk/influent COD ratio of 1,42 was more than adequate to maintain 
minimum pH above 6,6. This points to the conclusion that an Alk/influent COD 
ratio of about 1,2 is the required minimum irrespective of whether this is obtained 
by supplementation only or supplementation plus recycle. 
The recycle ratio was then increased to 2:1 (Exp 8), keeping the alkalinity 
supplementation in the feed at about 0,68 mgAlk as CaC03/mg influent COD; the 
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minimum pH increased only slightly to 6,82 and the overall COD removal remained 
at 98 per cent. Concentration profiles for this system are shown in Fig 8.5( a, b and 
c). 
To investigate the effect of recycle at the maximum loading on the system, i.e. 14,6 
kgCOD/m 3/d (discussed in Chapter 3), the influent COD concentration was set at 
about 8500 mgCOD/l, flow rate: 15, l/d, alkalinity supplementation in the feed at 
1,22 mgAlk as CaC0 3/mg influent COD and no recycle (Exp 9). The system 
operated in a stable fashion, minimum pH 6, 7 4 and 92 per cent overall COD 
removal. Concentration profiles for the system are shown in Fig 8.6(a, b ,and c). 
Imposing a 1: 1 recycle (Exp 10) and decreasing the alkalinity supplementation to 
0,71 mgAlk as CaC0 3/mg influent COD (effective Alk/COD ratio of 1,36 mgAlk as 
CaC0 3/mg influent COD), the minimum pH increased to 6,81 and overall COD 
removal to 96 per cent. Increasing the recycle ratio to 2:1 (Exp 11) and decreasing 
the alkalinity supplementation in the feed to 0,45 mgAlk as CaCO 3/mg influent 
COD (i.e. effective Alk/COD ratio was 1,35 with a 2:1 recycle), the minimum pH 
rose slightly to 6,82 but overall COD removal remained at 96 per cent. 
Concentration profiles for the system with a 2:1 recycle are shown in Fig 8.7(a, band 
c). Further increasing the recycle ratio to 3:1 (Exp 12) but keeping the alkalinity 
supplementation of 0,46 mgAlk as CaC0 3/mg influent COD (i.e. effective Alk/COD 
ratio is 1,84), the minimum pH remained unchanged (i.e. pH 6,81) but the overall 
COD removal declined slightly to 92 per cent; concentration profiles for this system 
are shown in Fig 8.8(a, band c). 
3.3 Discussion 
In all the experiments with recycle, good pelletization w:as observed in the system, 
this indicates that in a system that produces pelletized sludge, imposition of a 
recycle ratio up to 3:1 is unlikely to induce detrimental effects on pellet formation. 
Furthermore, provided the loading is below the maximum, imposition of a recycle 
appears to have no or only minimal adverse effects on the overall COD removal; 
indeed it would appear that there is a positive effect shown by a slight increase in 
the COD removal. 
It is not possible to assign a substantive reason for the slight improvement in COD 
removal when introducing a recycle. Very likely the fine volatile suspended solids 
present in the recycle stream may contribute to improving the system performance; 
Pellet debris accumulates in the region above the sludge bed and the VSS 
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concentration ranges between 6 and 13 gVSS/ l depending on the loadings. In a 
UASB system this VSS shows no biological activity (as shown by the near constant 
COD concentrations within this region, see Figs 8.1 to 8.8). However recent work in 
the laboratory at the. University of Cape Town indicates that when this debris is fed 
with glucose at COD concentration above 2000 mg/ l, biological activity is observed 
and COD is removed from solution. Hence in the recycle experiments the debris 
material could have assisted in the COD reduction. 
Below the maximum COD loading, the recycle certainly led to reduction in the 
alkalinity supplementation in the feed. It would seem that the minimum provision 
for flow-through U ASB systems treating carbohydrate waste is approximately 1,2 to 
1,6 mgAlk as CaC0 3/mg influent COD in order to maintain the minimum pH in the 
reactor above 6,6 With recycle, the reduction in alkalinity supplementation to the 
feed can be estimated by multiplying the base requirement by the fraction flow/(flow 
+ recycle flow). 
The experiments in which the maximum loading was imposed (14,6 kgCOD/m3/d), 
imposition of a recycle did reduce the alkalinity supplementation to the feed while 
maintaining the minimum pH at 6,6. However leakage of SCF A through the bed 
became significant at 3:1 recycle. The SCF A that leaked through were recycled to 
the influent in effect increasing the influent COD load; this possibly was the cause 
for the slight decline in the overall COD removal. 
The response data very clearly show that imposing a recycle reduces the alkalinity 
supplementation to the feed. Although there is no substantive evidence it would 
seem that the recycle does not allow the maximum loading to be increased above 
that obtained for a flow-through system with adequate pH control. At the maximum 
loading (thus defined) leakage of SCF A through the bed, and hence present in the 
recycle to the influent, may in fact have a cumulative negative effect, by increasing 
the effective load on the system, and could conceivably lead to a rapid breakdown of 
the system. 
4. DESIGN 
It was stated above that cause(s) that determine(s) the maximum loading have not 
been established conclusively; for the present the maximum loading must be 
determined experimentally on say a flow through system with adequate pH control. 
This maximum loading can be accepted to apply also when a recycle is imposed -
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the study tends to indicate that maximum loading does not appear to be affected in 
a significant way by adding a recycle to the system. 
In this study, for convenience, the loading was expressed as kgCOD/m3 reactor 
volume/d. The loading preferably should be expressed per unit of sludge bed 
volilme. In this investigation the sludge bed volume was fixed at 1/3 of the total 
reactor volume; it follows that the loading in fact was 3 times that expressed in 
terms of the total reactor volume i.e. maximum loading rate 3·14,6 = 43,8 
kgCOD/m3 sludge bed volume/d. This implies a minimum sludge volume provision 
of 1/43,8 = 0,023 m3 of sludge/kg influent con. 
The information above allows preliminary design estimates for sizing a U ASB reactor 
to treat apple juicing waste waters (and very likely other similar carbonaceous 
wastes): 
The. loading should not exceed half the maximum loading obtained on the 
laboratory-scale units; i.e. loading ~ 22 kgCOD/m3 sludge volume/d (~ 7,5 kg 
COD/m3 reactor volume/d, in this study) and the sludge provision not less than 
about 0,03 m3 of sludge/kg influent COD. Minimum alkalinity supplementation 
in the feed should be about 1,2 to 1,6 mgAlk as CaC0 3/mg influent COD. This 
alkalinity requirement can be reduced by imposing a recycle. With a recycle the 
reduced alkalinity can be calculated by multiplying the base alkalinity 
requirement by the factor flow/ (flow + recycle flow). The recycle ratio should 
be selected such that the influent COD based on the combined flow, (flow + 
recycle flow), is within the range 2500 to 5000 mgCOD/l. This range is selected 
because the experimental response in the range appears (subjectively) to be the 
most stable. 
5. CONCLUSIONS 
In this chapter the alkalinity requirements for a UASB system with apple juice waste 
water as substrate were determined and an assessment made on the effect of a 
recycle on the alkalinity requirements. The following conclusions are derived from 
this study: 
1. The alkalinity supplementation to the feed for a flow-through UASB system with 
apple juice waste water was found to be 1,2 to 1,6 mgAlk as CaC03/mg influent 
COD in order to maintain the minimum pH ~ 6,6. 
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-
2. Provided the loading on the system is below the maximum this alkalinity 
requirement can be reduced by imposing a recycle; this reduction can be 
calculated by multiplying the base alkalinity requirement by the factor 
flow/ (flow + recycle flow). 
3. Near the maximum loading the recycle reduces the alkalinity requirement but 
SCFA leakage from the sludge bed was observed. Recycling high SCF A 
concentrations may have adverse effects on the performance of the system and 
conceivably can cause failure by inducing an effective higher influent COD 
loading. 
4. Imposition of a recycle up to 3:1 does not appear to have adverse effects on 
pellet formation. 
5. Experimental recycle ratios (up to 3: 1) appear to improve slightly the overall 
COD removal efficiency compared to that of the flow-through system. This 
improvement probably arises from recycling the suspended material (pellet 
debris) above the bed to the influent point where it is likely that the high 
substrate concentration could induce biological activity in the debris. 
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CHAPTER 9 
MATHEMATICAL MODELLING OF UASB SYSTEM BEHAVIOUR 
1. INTRODUCTION 
In Chapter 4 the behaviour of a U ASB system treating an apple juice waste water 
was reported and various zones of behaviour identified. In Chapter 5, using the 
experimental observations made on the U ASB system, a biochemical model was 
hypothesized that could explain the pelletization phenomenon and the types of 
I 
substrates that would, or would not, promote pellet formation. In Chapter 6 further 
evidence was presented that showed hydrogen to be the metabolite central to the 
pelletization process. 
In this chapter the objective is to develop a mathematical model that describes the 
stoichiometric and kinetic behaviour of the various processes operating in a U ASB 
system that produces a pelletized sludge mass. 
To set up a mathematical model it is necessary to : 
(1) identify the essential compounds utilized and formed, 
(2) identify the processes acting on these compounds, 
(3) conceptualize a mechanistic model that qualitatively describes the kinetic 
and stoichiometric behaviour of the processes and compounds, and 
( 4) formulate mathematically the process rates, stoichiometry and transport 
relationships. 
It has been shown that pelletization develops in a U ASB system only when 
substrates are treated that give rise to a high hydrogen partial pressure (high pH2) in 
a zone in the system, for example carbohydrates and proteinaceous substrates. The 
development of the kinetic model shall be restricted to one substrate only, a soluble 
carbohydrate . 
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2. COMPOUNDS 
There appear to be 11 essential compounds directly involved in a pelletized sludge 
U ASB system treating a carbohydrate substrate. Some of these compounds were 
directly observable; with others, the means for measuring these compounds were not 
available in the laboratory. As a consequence their existence had to be inferred, 
either from the hypothesized biochemical behaviour, or from the requirement of mass 
balances. 
Five compounds are directly observable, the concentrations of 
(1) soluble COD, 
(2) short chain fatty acids (SCFA), 
(3) soluble ammonia/ammonium, 
( 4) organic nitrogen, 
( 5) methane. 
Six compounds are inferred, the concentrations of 
(1) hydrogen, 
(2) glucose, 
(3) amino acids, 
( 4) polypeptide polymer, 
(5) unbiodegradable particulate COD, 
(6) M. Strain AZ organisms. 
3. PROCESSES 
The processes that act on the compounds were identified by observing changes in the 
compounds under a variety of conditions, such as different influent COD 
concentrations, fl.ow rates and NH 3-N concentrations. Twelve essential processes 
were identified: 
Growth: ( 1) 
( 2) 
( 3) 
( 4) 
( 5) 
Acidogens on glucose under high pH2 
Acidogens on glucose under low pH2 
H2-utilizing methanogens on hydrogen 
Acetoclastic methanogens on acetic acid 
Acetogens on propionic acid 
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Death: 
Other 
processes: 
( 6) 
( 7) 
( 8) 
( 9) 
(10) 
(11) 
(12) 
9.3 ' 
Acidogens 
H2-utilizing methanogens 
Acetoclastic methanogens 
Aceto gens 
Ammonification of soluble organic nitrogen 
Pellet break up 
Adsorption/enmeshment of soluble organic nitrogen 
4. CONCEPTUAL MODEL 
4.1 Microbial population 
In conceptualizing the behaviour of the U ASB system it is necessary to identify the 
biological agents that mediate the processes and utilize or generate the compounds. 
Four microbial populations are involved in the fermentation of glucose (soluble 
carbohydrate): 
(1) Acidogens, (2) Acetogens, (3) Acetoclastic methanogens, and ( ~) H2 utilizing 
methanogens. 
(1) Acidogens: The acidogens convert glucose to SCF A (acetic, propionic and 
butyric acids), carbon dioxide and hydrogen. The type of SCFA that is 
generated will depend on the hydrogen partial pressure, pH2, (Chapter 4). 
Under low :PH2, acetic and butyric acids are generated together with 
hydrogen and carbon dioxide. Under high pH2, acetic, butyric and propionic 
acids are generated together with hydrogen and carbon dioxide. However 
butyric acid was not observed in any of the single U ASH systems in the 
investigations with apple juice waste water and glucose as substrates (see 
Chapters 4 and 6) and hence this compound is not included in the model. 
(2) Acetogens: The acetogens convert propionic acid to acetic acid, hydrogen 
and carbon dioxide. Propionic acid conversion becomes significant only 
when :PH2 declines to less than 10-4,l atm; at high pH2 propionic acid 
conversion becomes negligible or does not take place, that is, conversion of 
propionic acid to acetic acid is a function of pH2 or hydrogen concentration. 
(3) Acetoclastic methanogens: Acetoclastic methanogens convert acetic acid to 
methane; this conversion is independent of pH2. (Dubourguier et al., 1985, 
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1988 concluded that the dominant acetoclastic methanogen in granular 
anaerobic sludges is Methanothrix soehngenii). 
(4) H2-utilizing methanogens: H2-utilizing methanogens utilize hydrogen as sole 
energy source, and C02 as carbon source, to produce methane. It is assumed 
that Methanobacterium strain AZ (M. Strain AZ), (now known as 
Methanobrevibacter arboriphilus), is the main H2-utilizing methanogen 
present in a UASB system treating a carbohydrate substrate. (Dubourguier 
et al., 1985, 1988 concluded that Methanobrevibacter arboriphilus is the 
dominant H2-utilizing species present in granular anaerobic sludges). 
4.2 Pellet formation 
The function of M. Strain AZ species is central to describing the pelletization 
phenomena (see Chapter 5): This organism has this unusual characteristic that it 
cannot manufacture the amino acid cysteine and depends on external sources, such as 
cysteine liberated from death of other organisms, for its cysteine supply. 
Under high pH2 conditions (i.e. high H2 substrate concentration), in the presence of 
excess of free and saline ammonia, a high production of all the amino acids (except 
cysteine) is stimulated. If the cysteine supply is limited, M. Strain AZ cannot utilize 
all the amino acids for cell synthesis. The excess amino acids are released to the 
surrounding medium, and/or are linked in polypeptide chains which are extruded 
from active sites. These polypeptide chains bind the M. Strain AZ species and other 
micro-organisms into pellets. Thus, the hydrogen oxidized by M. Strain AZ 
reappears in the compounds methane, organism mass, polypeptide polymer and/or 
free amino acids, the relative magnitude of the fractions produced depending on the 
cysteine availability. If, for example, the feed is supplemented with cysteiile, 
theoretically this should result in an increase in the M. Strain AZ species and a 
reduction in both volatile polypeptide solids yield and free amino acids released to 
the surrounding medium, the net effect being a reduction in volatile solids. The last 
two predictions have been verified experimentally (Chapter 5). 
Other limitations on polypeptide/free amino acids generation are as follows: 
(1) NH 3-N concentration is limiting (Chapter 6). A reduction in VSS yield and 
soluble free amino acids is to be expected for reason that the H2 is not fully 
utilized. Support for this conclusion is presented in Chapter 6 where it is 
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shown that with glucose as substrate, under limiting NH 3-N, from mass 
balance considerations, most of the generated hydrogen is lost in the gas 
phase. 
(2) Preferential hydrogen abstraction. Even though the substrate has the 
potential to give rise to a high pH2, if secondary reactions abstract H2 
preferentially (for e.g. sulphate reduction), this will reduce pH2, and hence a 
reduced polypeptide generation (Chapter 7). 
(3) The substrate itself does not yield hydrogen (e.g. acetate) or can be broken 
down only under low pH2 (e.g. lipids). Because the pH2 is low the rate of 
substrate diffusion (H2) into the cell will be slow and excess amino acids 
production will be limited - polypeptide generation is not to be expected. 
For modelling purposes it will be assumed that (1) the substrate can generate a high 
pH2, (2) oxidizing agents are absent, (3) NH 3-N concentration is present in excess, 
but ( 4) cysteine concentration is limiting. 
4.3 Substrate transfer: 
The model assumes that the pellets behave as •gas pumps". Gases (methane and 
C02) produced inside the pellets are released via gas channels to the surrounding 
medium. It seems that as the gas escapes· from the pellets, a pressure drop is 
generated in the channels causing liquid (substrate) to be drawn into the pellets. In 
such a situation very likely mass transfer resistance, due to' diffusion limitations, 
becomes negligible and should not be a factor influencing the kinetics of the processes 
in the pelletized sludge bed. The assumption that the pellets behave as •gas pumps• 
is supported by observations of Robinson et al. (1984); they produced scanning 
electron micrographs of biofilms from anaerobic fixed-bed reactors, which clearly 
show the presence of an extensive network of channels and operiings. They 
concluded that these channels may facilitate gas and nutrient exchange. Wiegant 
and de Man (1986) also demonstrated a similar network of channels and openings in 
granular methanogeni~ sludge. 
4.4 Soluble organic nitrogen: 
In the aqueous phase in the pelletized sludge bed, soluble organic nitrogen is present 
in substantial concentrations. This fraction is assumed to arise from the following 
sources: (1) death of organisms (acidogens, H2-utilizing methanogens, acetoclastic 
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methanogens and acetogens ), (2) pellet breakup and, (3) release of free amino acids 
by M. Strain AZ. Sinks for the organic nitrogen are: (1) adsorption/enmeshment of 
nitrogenous material, probably free polypeptide chains (from pellet break up) and, 
(2) ammonification of soluble organic nitrogen. 
With regard to the sources of soluble organic nitrogen in Chapter 5 it was estimated 
that in the production of pellet mass, 90 per cent was polymer and only 10 per cent 
was anaerobic micro-organism mass. In "normal" anaerobic methane fermentation 
systems the presence of soluble organic nitrogen is ascribed to the endogenous mass 
loss (or death) of the anaerobic micro-organisms. In a pelletized sludge system the 
concentration of soluble organic nitrogen in the bed is much higher than that to be 
expected from death of micro-organisms. The sources for this high soluble organic 
nitrogen are conceptualized to be due to: (1) generation of free amino acids by 
M. Strain AZ, and (2) polypeptide polymer release due to break up of pellets (see 
Chapter 5). With the experimental set-up used in this study it was not possible to 
differentiate between these two processes. For the purpose of modelling it is 
assumed that the soluble organic nitrogen is linked to the polymer mass, the 
concentration derived from break up of the polypeptide chains. 
The sinks for soluble organic nitrogen, ammonification and adsorption/enmeshment, 
are treated as separate processes. With regard to ammonification, in UASB 
concentration profiles (Chapters 4 and 6) it is observed that the ammonia 
concentration first decreases due to uptake for polymer formation and cell synthesis, 
thereafter it increases and then remains virtually constant; this increase is 
conceptualized to be due to ammonification of soluble organic nitrogen. With regard 
to adsorption/enmeshment of the soluble organic nitrogen, the existence of this 
process cannot be clearly identified from the experimental profiles; very likely it 
occurs. It is included in the model as a function of soluble organic nitrogen, but this 
is more for the sake of completeness than quantitative estimation. 
5. MODEL PRESENTATION 
In the mathematical model, the process rates and the stoichiometric relationships 
between the processes and compounds are formulated mathematically. The .large 
number of complex interactions between compounds and processes necessitates that 
these be clearly presented. Following the proposals of the IA WPRC Task Group 
(1987) on "Mathematical Modelling of Waste Water Treatment•, the processes and 
compounds are set out in a process-compound matrix (Table 9.1). This format 
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facilitates clear and unambiguous presentation of the processes and compounds and 
their interaction. The setting up of such a matrix, how to interpret it and how it is 
incorporated in the mathematical solution procedures are described briefly in 
Appendix C. For ~reater detail on solution procedures for the matrix, see Billing 
(1987). 
6. MODEL DESCRIPTION 
The matrix of processes and compounds is set out in Table 9.1. The compounds, •i• 
in number, are listed across the top of the matrix; the processes, • j" in number are 
listed down the left hand side of the matrix. The stoichiometric conversion factors 
from one compound to another are listed horizontally for each process below the 
compounds. The kinetic rate expression, p, for each process is listed on the right 
hand of the matrix as a column in the matrix, the rate expression being in the same 
row as the process. 
Following the IA WPRC recommendation, VSS specific yields and other associated 
parameters are expressed in COD units. Nitrogenous compounds are expressed in 
terms of nitrogen. 
To facilitate the discussion, the processes in the matrix are subdivided into: (1) 
Growth of organisms (j = 1-5), (2) death of organisms (j = 6-9), (3) ammonification 
(j = 10), and ( 4) physical effects (j = 11-13). 
6.1 Growth of organisms (j = 1-5) 
The microbial growth rate and substrate utilization rate expressions for the 4 groups 
of organisms present in the U ASE system are based on the Monad's formulation. 
The growth of each group of organisms is discussed below. 
(1) Acidogen growth (j = 1-2) 
From the conceptual model two processes are needed to describe acidogen 
growth. The first process (j = 1) takes place under high :PH2 conditions and 
the second process (j = 2) ·under low pH2 conditions. The two processes 
have a number of factors in common: For every 1 COD unit of active mass 
appearing, (1+ Y A)/Y A COD units of glucose (i = 9) are consumed. With 
acidogen growth nitrogen is incorporated in cell mass giving rise to a 
reduction in ammonia concentration (i = 13) and an increase in the nitrogen 
content of biomass (i = 7). 
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However acidogen growth under high and low pH 2 differs in the 
stoichiometric production ofacetic and propionic acids and hydrogen: 
Under high pH2: For every (1+ Y A)/Y A units of glucose consumed (i = 
9), 1/3·1/Y A units of acetic acid (i = 10), 7 /12 · i/Y A units of propionic 
acid (i = 11) and 1/12· 1/Y A units of hydrogen (i = 15), are generated, 
all in COD units. 
Under low pH2: For every (1+ Y A)/Y A units of glucose consumed (i = 9), 
2/3· 1/Y A units of acetic acid (i = 10), 0 units propionic acid (i = 11) 
and 1/3·1/Y A units of hydrogen (i = 15) are generated, all in COD units. 
Derivations of these stoichiometric ratios are given in Appendix C. 
The specific process rate of utilization of glucose by the acidogens (in the 
process rate column) is modelled using Monad's equation with maximum 
specific growth rate fl, A and half saturation coefficient KA with regard to the 
glucose concentration. 
The extent to which process j = 1 or 2 predominates, depends on the 
hydrogen concentration. A switching function is utilized to switch from one 
process to the other based on the hydrogen concentration. The Monod rate 
expression is multiplied by the switching function SH/(KH+SH), where SH 
is the hydrogen concentration and KH is the switching constant. Consider 
acidogen growth on glucose, when SH is high SH/(KH+SH) approaches unity 
and process j = 1 is the predominant reaction; when SH decreases below KH 
then SH/(KH+SH) decreases eventually to near zero, process j = 2 becomes 
the predominant reaction and process j = 1 becomes inoperative. 
(2) H2-utilizing methanogen growth (j = 3) 
In H2-utilizing methanogenic growth both active organism and polymer 
masses are being formed simultaneously. The substrate source for both 
organism and polymer is hydrogen. Stoichiometrically, for every one unit of 
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active mass formed Y p/Y MH units of polymer (i 5) and 
(1-Yp-YMH)/YMH units of CH4 (i = 16) are generated and 1/YMH units of 
hydrogen (i = 15) are utilized, all in COD units (Appendix C). With 
H2-utilizing methanogen growth, nitrogen is incorporated both in cell mass 
and in polymer mass giving rise to a reduction in ammonia concentration (i 
= 13) and an increase in the nitrogen content of biomass (i = 7) and 
polymer mass (i = 6). 
The kinetic growth constants are ~H (maximum growth rate) and KMH 
(half-saturation constant) with regard to the hydrogen concentration. 
(3) Acetoclastic methanogen growth (i = 4) 
In acetoclastic methanogen growth on acetic acid, for every one COD unit of 
active mass formed, (1-Y MA)/Y MA COD units of methane (i 16) are 
generated and (1 + Y MA)/Y MA COD units of acetic acid (i - 10) are 
utilized. For methanogen growth, nitrogen is incorporated in cell mass 
giving rise to a reduction in ammonia concentration (i = 13) and an increase 
in the nitrogen content of biomass (i = 7). 
The growth rate is modelled using Monod kinetics with kinetic growth rate 
constants ~A (maximum growth rate) and KMA (half-saturation constant) 
with regard to the acetic acid concentration. 
(4) Acetogen growth (j = 5) 
From the conceptual model, acetogen growth on propionic acid is a function 
of the hydrogen concentration surrounding the organisms. As pH2 increases 
(or equivalently as hydrogen concentration increases), acetogen growth 
decreases until the reaction thermodynamically is not feasible; i.e. growth 
rate becomes zero (Chapter 4). Mathematically this is achieved by 
multiplying the Monad rate expression by a switching function of the form 
[1 - SH/(KH + SH)] which is similar to the one used for acidogen growth at 
low pH2. When SH >> KH such that SH/(KH + SH) tends to unity, the 
switching function tends to zero and process rate tends to zero. However 
when SH < < KH then the value of the switching function approaches unity 
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and the process rate will then be given by the Monod equation. 
For every 1 unit of active mass appearing 4/7·1/Y AP units of acetic acid (i 
= 10) and 3/7·1/Y AP units of hydrogen (i = 15) are produced and 
(1_ + Y AP)/Y AP units of propionic acid (i = 11) are consumed, all in COD 
units. With acetogen growth, nitrogen is incorporated in cell mass resulting 
in a reduction in ammonia concentration (i = 13) and an increase in the 
nitrogen content of biomass (i = 7). The kinetic constants are jJ, AP 
(maximum specific growth rate) and KAP (half-saturation coefficient) with 
respect to the propionic acid concentration. 
6.2 Death of organisms (j = 6-9) 
The rate of death of organisms is modelled as a first order reaction with 
respect to active mass. For every COD unit of organism disappearing (i = 
1-4) one COD unit of dead volatile material is generated (i = 8). It is not 
possible to subdivide this material into, say, inert and biodegradable 
fraction"s. The mass release to the surrounding medium is small relative to 
the active mass; for the purpose of modelling it is sufficient to ascribe the 
products of death to an inert soluble mass - i.e. a soluble •unbiodegradable" 
COD. Associated with death of organisms is the loss of NH 3-N in the active 
mass (i = 7); this nitrogen reappears as soluble organic nitrogen (i = 14). 
The specific kinetic decay or death constants for acidogens, H2 utilizing 
.methanogens, acetoclastic methanogens and acetogens are b A' bMH' bMA 
and b AP respectively, units (/ d). 
6.3 Ammonification of soluble organic nitrogen (j = 10) 
In line with experimental observations in Chapters 4 and 6, to account for 
the increase in NH 3-N concentrations, conversion of soluble organic nitrogen 
to ammonia is incorporated in the model (j = 10). The rate of 
ammonification is modelled as a first order reaction with respect to the sum 
of all active masses with a specific rate constant KND· For every 1 N unit 
' of ammonia generated (i = 11 ), one N unit of soluble organic nitrogen is 
consumed (i = 12). 
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6.4 Physical processes (j = 11-12) 
From the conceptual model, two physical processes have been identified as 
taking place in the pelletized sludge bed: (1) pellet breakup (j = 11) and, 
(2) adsorption/enmeshment of soluble organic nitrogen. 
(1) Pellet breakup (j = 11) 
The rate of pellet breakup is modelled as a first order reaction with 
respect to the growth rates of the 4 groups of organisms - Gas 
production is related to growth and break up of the pellets is assumed 
to be due to disruption by the gas. During organism growth gaseous 
products always are released. However, hydrogen gas released during 
acidogenic growth on glucose and acetogenic growth on propionic acid, 
is virtually removed instantaneously by the H2 utilizing methanogens 
so that the gases released to the surrounding medium are methane and 
carbon dioxide. Since it is estimated that approximately 70 per cent of 
the methane generated comes from acetic acid fermentation (Jeris and 
McCarty, 1965; Smith and Mah, 1966) the stoichiometric coefficient 
for process rate p4 is taken as 0,7 and those for process rates p1, p2 and 
p3 as 0,1 with breakup kinetic constant KBP' 
Experimentally, it was not possible to obtain quantitative measures of 
this process. It is assumed that the broken up material is released as 
soluble inert polymer mass to the surrounding liquid and eventually 
discharged into the effluent. 
From the matrix, for every one unit of polymer mass (as COD) 
disappearing (i = 5) one unit of soluble inert polymer mass is generated 
(i = 12). Associated with the disappearance of polymer mass is the 
loss of nitrogen incorporated in the polymer (i = 6); this nitrogen 
reappears as soluble organic nitrogen (i = 14). 
{2) Adsorption/enmeshment of soluble organic nitrogen (j = 12) 
The rate of adsorption/enmeshment of soluble organic nitrogen is 
modelled as a first order with respect to soluble organic nitrogen and 
the kinetic rate constant is KEP· 
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From the matrix, for every one nitrogen unit of soluble organic 
nitrogen enmeshed (i = 14), one unit of nitrogen is added to the 
nitrogen content of polymer (i = 6). Associated with the enmeshment 
of organic nitrogen is the removal of soluble inert polymer mass (as 
COD) from solution (i = 12); this mass (COD) reappears as enmeshed 
polymer mass (i = 3). 
7. MATRIX SOLUTION 
The matrix presentation of the processes, compounds and rates defines the behaviour 
at a single point in the system. To obtain the response of the system, the system 
configuration (single or multiple reactors), hydraulic mixing regime in the reactor 
(plug flow or completely mixed), solids regime (suspended or fixed), recycle flows 
between reactors, or within a batch reactor, and mass transport of compounds in and 
out of each reactor need to be incorporated. 
Within the requirements stated above for the UASB system the configuration is a 
single reactor, the hydraulic mixing regime (i.e. mixing regime of the aqueous phase) 
is of the plug flow type (from Chapter 4), the pelletized solids are assumed to be 
fixed and there is an option for a recycle from the effluent to the influent point of 
the reactor. Of these the distribution of the solids within the reactor needs to be 
described in greater detail: 
7.1 Pelletized bed VSS concentration: 
In the UASB reactor it was observed that pellet size varied from the bottom to the 
top of the pelletized bed, with maximum size at the bottom of the bed. One may 
expect, therefore, that the VSS concentration would vary up the sludge bed. In this 
study it was not possible to obtain a profile of the VSS concentration; only the 
average concentration could be obtained by draining the entire pelletized bed and 
sampling the bed after mixing to obtain a uniform concentration. In attempting to 
obtain a profile of VSS concentration on the laboratory scale reactors, because the 
diameter of the reactor was small, sampling disturbed the in situ concentration at 
the sampling point. However profiles have been reported in the literature, obtained 
on laboratory-scale studies. Hamada and Van den Berg (1984) measured the 
distribution of VSS up a UASB reactor and found that the VSS concentration profile 
exhibited three zones: (1) a lower zone, at the bottom of the bed, in which the VSS 
concentration was a maximum and constant, (2) a transitional zone in the upper 
part of the bed in which the VSS concentration decreased linearly with height to a 
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minimum at the top of the bed, and (3) a suspended blanket zone above the bed, in 
which the VSS concentration was low and constant. From experimental observations 
in this study, the sludge blanket above the sludge bed exhibited no biological activity 
and therefore was not considered in the mathematical model. 
Hamada and Van den Berg (1984) observed that within the bed concentration zones, 
the solid concentration profile was a function of organic loading - the VSS 
concentrations increased, and each zone extended further up the reactor, with 
increase in the organic loading. In this study a similar dependency was noted; the 
average VSS concentration increased with the organic loadings - average VSS ranged 
from about 28 gVSS/l at a loading of 7,5 kgCOD/m3/d to about 37 gVSS/l at a 
loading of 28 kgCOD/m3/d. 
For modelling purposes a linear dependency of the average bed VSS concentration 
with loading was accepted. The VSS profile for any particular average VSS (with 
associated organic loading) was constructed as follows: 
The depth of the pelletized bed was taken as that observed in the experimental 
· study. For all loadings the VSS concentration at the top of the bed was fixed 
between 15 and 35 gVSS/ l; the zone of constant concentration in the bottom zone of 
the bed was assumed to extend from the bottom of the reactor up to t of the bed 
depth; thereafter the concentration decreased linearly to the minimum at the top of 
the bed. The VSS concentration at the bottom of the bed was found by trial and 
error such that the average VSS concentration for the profile was equal to that 
estimated from the loading. 
With the information supplied above, a solution procedure for the system is 
structured as follows: 
The plug flow reactor is divided into a set of elements, the products of the preceding 
element become the input to the succeeding element. For each element the VSS 
concentration is assumed to be the average of the concentrations of the preceding 
and succeeding elements which are obtained from the hypothesized concentration 
profile. The influent compound concentrations and flows are used to obtain the 
initial concentrations and flows at the reactor base. Concentration profiles in the 
reactor of the various dompounds in the matrix are obtained by integrating fo~ward 
(using a predictor corrector method) from the initial concentrations, through the 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
9.15 
reactor. For the integration, the rate equations are obtained from the matrix and 
the VSS concentrations from the hypothesized VSS profile, (as described above). 
Further details of solution techniques for the matrix are given in Appendix C. 
8. MODEL PARAMETERS 
Model parameters were obtained partly froin experiments and partly from literature, 
others were obtained by 'curve fitting' by using a range of system operating 
conditions. 
8.1 Polymer and organism mass fractions 
In Chapter 5 the ratio polymer mass:organism mass was determined to be 
approximately 0,9:0,1. The organism mass consisted of different organism mass 
fractions; the subdivision into the different organism types was assumed to be the 
same as that reported by Dolfing (1987) for a granular methanogenic sludge grown 
on a waste water from a sugar factory, i.e. Acidogens : H2-utilizing methanogens : 
Acetoclastic methanogens : Acetogens = 0,9 : 0,08 : 0,01 : 0,01. These ratios were 
assumed to apply also in the model. 
8.2 Kinetic and stoichiometric constants for organisms 
A search of the literature for kinetic and stoichiometric constants for the four gr.oups 
of microorganisms (viz. acidogens, acetogens, acetoclastic methanogens and· 
H2-utilizing methanogens) indicates an order of magnitude variation for each; these 
are shown in Table 9.2. For example, the maximum specific growth rate (,UAP) and 
half saturation constant (KAP) for the propionate utilizers range from 0,3 to 1,4 (/ d) 
and 48-330 mgCOD/l respectively. However, there is a consistency in the reported 
values for anaerobic organism specific decay rate and specific yield values for each of 
the four groups of organisms. The kinetic and stoichiometric values used to verify 
the model are given in Table 9.3. 
The gross specific yield for H2-utilizers of .0,56 mgVSS/mgCOD(H2) calculated in 
Chapter 6, includes polymer/free amino acids generated and organism masses. 
Assuming a specific yield of 0,043 mgVSS/mgCOD(H2) for H2-utilizers then the 
specific yield for polymer/free amino acids is 0,52 mgVSS/mgCOD(H2). The 
nitrogen content of the polymer was calculated in Chapter 5 and has a value of 0,113 
mgN/mgCOD. 
The COD/VSS and TKN/COD ratios for organisms are determined from the 
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TaLli:: ~.2 Reported kinetic iUld 11toichiumdric consta.nts. 
1'ma.i: K s b y 
(/d) mgCOD/l (/d) mgCOD/mgCOD 
ACIDOGENS 
Hill a.nd Barth ( 19ii) 0,4 150 0,04 0,14 
Denae et al. (1988 1,2 140 0.4 0.03 
Zoetemeyer et al. (1982) 7,2 22 0,10 
AQETOGENS 
Lawrence and McCarty (1969) 0,31 48 O,Ql 0.04'.l 
Heyes and Hall l1983~ 1,4 250 0,015 
Heyes and Hall 1983 1,2 330 
Gujer and Zehn er (1983) 0,155 246 0,036 
AQEIQQLASTIQ METHANQQENS 
Hill and Barth (1977) 0,4 25 0,04 0,04 
Denae et al. ( 1988) 0,34 237 O,Ql5 0,03 
Ten Brummeler et al. 0,48-0.72 3W 0,031-0,034 
(1985) 
Lawrence and McCarty (1969) 0,24 356 0,037 0,038 
Smith and Mah (1978) 0,60 320 0,04 
Gujer and Zehnder ( 1983) 0,34 165 0,011'> 0.04 
Lawrence and McCarty (1969) 0,39 180 0,02 0,04 
Hi-llIILIZW:G MEIHANQQENS 
Shea et al. (1968) 1,06 9 0,009 0,043 
Denae ~tat: (1988) 1,40 0,6 0;09 0,029 
Gujer and Zehnder (1983) 1,40 0,6 0,04 
Kaspar and Wurhmann (1978) 1,26 
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Tab!~ 2.a: Kinetic parameters and stoichiometric constants in the matrix. 
Symbol ('on at ant Ranfe of Units Description Va ues 
ACIDOGENS 
PA Maximum specific growth rate 0,7-1,0 /d 
KA -half saturation constant 150 mgCOD/l 
bA Decay (death) rate 0,041 /d 
YA Yield 0,1 mgCOD volatile mass/mgCOD 
ACETO GENS 
PAP Maximum specific growth rate 1,1-1,2 /d 
KAP half saturation constant 250-330 mgCOD/l 
bAP Decay (death) rate 0,015 /d 
YAP ·Yield 0,042 mgCOD volatile mass/mgCOD 
Hd!TILIZINQ METHANQQENS 
'°'MR Maximum specific growth rate 0,3-0,5 /d 
KMH half saturation constant 2,5 mgCOD/l 
~H Decay (death) rate 0,010 /d 
YMH Yield 0,041 mgCOD volatile mass/mgCOD 
AQETQQLASTIQ METHANQ~ENS 
i\fA Maximum specific growth rate 0,35-0,40 /d 
KMA half saturation constant 350 mgCOD/l 
bMA Decay (death) rate 0,037 /d 
YMA Yield 0,041 mgCOD volatile mass/mgCOD 
OTHER CONSTANTS 
1XBN Nitrogen content of organism 0.086 mgN/mgCOD 
1XPN Nitrogen content of polymer 0.113 mgN/mgCOD 
y Polymer yield 0,63 mgCOD volatile mass/mgCOD p 
KH Half saturation switching 10 mgCOD/l 
function 
KBP Pellet breakup rate 4-8 /d 
KEP Enmeshment rate 10-15 /d 
KND Ammonification rate 0,010-0,018 /d 
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stoichiometric formula CsH102N for biosolids (McCarty, 1972), giving COD/VSS = -
1,42 mgCOD/mgVSS and N/COD = 0,086 mgN/mgCOD respectively. 
9. MODEL VERIFICATION 
The predictive capability of the UASB model was tested against the experimental 
responses observed on laboratory scale flow-through systems and systems with a 
recycle from the unsettled effluent to the influent. The experimental systems were 
operated over a range of loadings. 
For all the simulations the same set of kinetic and stoichiometric constants, as listed 
in Table 9.3, were used. 
9.1 Flow-through systems 
Responses were simulated for the flow-though experiments listed in Table 9.4. 
Figs 9.•l to 9.4 show the response profiles in the sludge bed, predicted and observed, 
for the following parameters: Total COD, SCFA (acetic and propionic acids), free 
and saline ammonia and organic nitrogen. 
Comparison of the experimental observed and simulated responses indicate a most 
satisfactory correlation. The following two comments need to be made: 
(1) The same set of constants were used in all cases except in one instance, 
(Exp.3) at the loading of 14 kgCOD/m3 reactor volume/d. In this particular 
case the half saturation constant of the acetogens (KAP) had to be increased 
from 250 to 330 mgCOD / l for the model to give a good prediction. However 
the KAP value, of 330 mgCOD / l, is within the range of reported half 
saturation constant values for acetogens (Heyes and Hall, 1983) . 
. (2) In Table 9.3 the value of the half saturation constant (KH), in the switching 
function for the processes (Pi· P2 and ps), was taken as 10 mgCOD/l. 
Usually for switching functions the half saturation constant values are 
selected to be small so that- switching from one process· to another takes 
place at a very low concentration. In this study the magnitude of the 
selected value of KH on process behaviour could not be evaluated - the rate 
of utilization of glucose was very rapid so that glucose concentration reduced 
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IaLI~ lU. Ddld fu1 fluw-tluough UASB 11y&tem. 
Experi- Influent Flow Depth of Mean slud~e 
Loadings 
kgCOD/ma/d 
m1>nt No. r.on sludge bed rate bt>d density 
mg/! t/d mm gVSS/l 
.507Q 15 400 2Q 
2 2872 30 400 29 
3 8.397 15 400 w 
4 5345 -15 400 35 
Diameter of reartor = HIO mm 
Effective reactor volume = 9l 
Table 9.5; Data for UASB system with recycle. 
Experi-
ment No. 
1 
:2 
Influent 
COD 
mg/I. 
5481 
2848 
Flow 
rate 
l/d 
15 
30 
Diameter of reactor = 100 mm 
Effective reactor volume = 91 
Recycle Depth of 
ratio sludge bed 
1:1 
1:1 
mm 
400 
400 
Reactor Slndfue bed 
volume vo ume 
8,5 
9,6 
14,0 
26,7 
Mean sludge 
bed density 
gVSS/l 
29 
31,9 
2f1,1i 
28,8 
42,0 
80,1 
Loadings 
kgCOD/m3/d 
reactor sfudge bed 
volume volume 
9,1 27,3 
9,5 28.5 
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to zero before the first sampling port at the bottom of the reactor. Moreover 
reducing the value of KH to 5 did not appear to have an observable influence 
on the simulated response. 
9.2 System with recycle 
Two experiments on U ASB systems with recycle were simulated; see Table 9.5 
below. 
The observed and simulated responses are shown in Figs 9.5 and 9.6. Clearly the 
simulated responses show deviations from the experimentally observed responses. In 
general the experimental data indicate that the process rates of the different 
compounds were more rapid than the simulated rates. The following factors 
probably contributed 'to these deviations: 
In the region above the sludge bed a certain degree of settlement of the debris, 
discharged from the bed; took place. Consequently the concentration of solid 
material in the recycle stream was higher than in the discharged effluent. 
Although the model assumes that the solid debris discharged is inert, very likely 
this is not true and recycling of this material ·could have contributed in 
increasing the process rates in the sludge bed. Recent investigations in the 
laboratory at the University of Cape Town on the biological activity of the 
suspended bed material has indicated that biological activity occurs when 
substrate is added to this material. In future investigations, to test the model 
when a recycle is imposed on the system, it will be necessary either to induce 
sufficient turbulence in the suspended bed so that there is no increase in solid 
concentration (due to settlement) or the effluent particulate material must be 
separated and the clarified liquid recycled. 
9.3 Discussion 
A significant feature in this model was that it required virtually no calibration. The 
stoichiometric conversion constants were obtained from established biochemical 
pathways, and yield values from studies reported in the literature on pure and 
enhanced cultures; likewise for the maximum specific growth rates and half 
saturation constants (in the Monod formulation). Other input data such ~s the mass 
fractions of the different microorganisms in the pellets and the distribution of VSS 
concentration up the reactor also were obtained from reported data in the literature. 
Indeed the only constants that were obtained by curve fitting were: 
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9.27 
(1) The specific rate for pellet break up (KBP), 
(2) The specific rate for adsorption/enmeshment of soluble organic nitrogen 
(KEP), and 
(3) The specific rate for ammonification of soluble organic nitrogen (KND). 
The model therefore is much broad~r based, on fundamental aspects or independently 
obtained data, than it would have been if the constants were derived by curve 
fitting. 
An omission in the model is that it does not simulate pH and alkalinity changes in 
the sludge bed. It assumes in fact that the alkalinity provision in the influent is 
sufficient to prevent pH decline below 6,6 at any point in the bed. Because of the 
rapid changes in SCF A concentrations in the lower part of the bed it is likely that 
regions might develop where the pH decline is such that inhibition of methanogenesis 
takes place (both acetoclastic and H2-utilizing methanogens are widely reported to be 
inhibited by low pH). This situation can arise at loadings close to the maximum 
loading. 
Improvements on the model therefore should include the parameters pH and 
alkalinity and the inhibitory effect of pH on the methanogens. Without these 
extensions to the model, a theoretical basis for estimating the maximum loadings the 
system can accommodate is unlikely. Any such extension to the model would 
necessarily require experimental information. In the present study the orientation 
was towards determining •normal• behaviour of the U ASE system, the situation at 
or near failure was not pursued and consequently the factors giving rise to failure 
were not investigated in detail. 
Assuming the maximum loading conditions are not exceeded and that the pH does 
not decline below 6,6 in the reactor profile, by simulating the behaviour under 
various reactor loading conditions the following information can be abstracted: 
(1) For the same mass of sludge the cross-sectional area of the reactor does not 
appear to have an influence on process kinetics. If the cross-sectional area is 
doubled, the depth of the sludge will be reduced to half. Theoretically the 
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effluent products will remain the same in both situations. The profiles will 
retain the same slope with respect to relative depths of the sludge bed. 
(2) Theoretically the imposition of a recycle reduces the concentration of 
products in the reactor in the ratio flow/(flow + recycle flow). 
(Experimentally the reduction was slightly greater). This we have seen in 
Chapter 8 leads to an associated reduction in the alkalinity supplementation 
and is of particular importance from the point of view in the treatment of 
high strength wastes of say > 10 000 mgCOD/ e. By reducing the waste 
strength (by imposing a recycle) of an influent of 20 000 mgCOD/l to say 
2500-5000 mgCOD/l, the alkalinity requirement is reduced to approximately 
0,125 to 0,25 of that needed in a flow-through system; SCF A concentrations 
inside the sludge bed likewise are reduced into a range where the system 
appears ·to operate efficiently. 
10. CONCLUSIONS 
A mathematical model describing the product formation in the pelletized sludge bed 
in a UASB system with glucose substrate, has been presented. The model accounts 
for the product formation by an interaction between four groups of organisms, viz: 
(1) Acidogens, (2) Acetogens, (3) Acetoclastic methanogens and ( 4) H2-utilizing 
methanogens; along the line of flow up the pelletized bed. Product formation and 
utilization is modelled using Monod kinetics. The crucial effects of hydrogen 
concentration (or hydrogen partial pressure) on acetogen growth and the distribution 
of SCF A generated by the acidogens are incorporated by the use of a switching 
function. The model neglects solid transport and .biofilm diffusion. 
The model adequately predicts the concentrations of total COD, SCFA (acetic and 
propionic acids) in the pelletized sludge bed under different loadings (i.e. varying 
conditions of influent flow rates and COD concentrations) below the maximum 
loading. 
• 
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CHAPTER 10 
CONCLUSIONS 
This investigation was initiated with a simple objective - a feasibility study into the 
anaerobic treatment of an agricultural waste, apple juicing waste water, by means of 
an upflow anaerobic sludge bed (UASB) reactor. As the investigation progressed 
problem areas were opened up which on enquiry provided solutions but in turn 
generated new problems; so that at its termination the investigation had ranged 
over a number of fields of enquiry including, amongst others, the feasibility study, 
basic processes active in the U ASB system, causes of pelletization, factors limiting 
the behaviour of the system and modelling of the system response. With such a 
I 
number of aspects it is perhaps best to deal with each separately, the problems that 
were addressed and the solutions achieved. 
Feasibility study: 
The feasibility study comprised an investigation into treating apple juicing waste 
water at 25 and 30° C, to ascertain acceptable organic loadings at these to 
temperatures and to evaluate the interactive effects of influent COD concentration, 
flow rate, and hydraulic retention time in the reactor. The study gave rise to the 
following conclusions: 
1. Apple juicing waste water is amenable to treatment by the UASB system at 25 
and 30° C. 
2. The COD of the waste water, based on filtration, is 99 per c.ent soluble with 
short chain fatty acids (acetic and propionic aeids) comprising approximately 5 
per cent of the COD influent. The remainder is made up principally of sugars. 
3. The waste water is deficient in nitrogen and phosphorus. These nutrients must 
be supplemented through chemical addition in order to achieve complete 
anaerobic treatment. 
4. The waste water is acidic with little buffering capacity. The pH is in the range 
4,5 to 5,5. Alkalinity addition, to increase the buffer capacity, must be added to 
the waste prior to treatment. Addition of 1,6 mg alkalinity as CaC0 3 per 
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mgCOD influent was sufficient to maintain the pH in the U ASB reactor above 
the sludge bed close to 7. 
5. The maximum loadings attainable are dependent on temperature. With the 
sludge volume controlled to 1/3 of .the reactor volume, under the same condition 
of loading increments (average 0,21 kgCOD/m3 reactor volume every day) the 
maximum loadings at 30° C and 25° C were 15 and 10 kgCOD/m3 reactor 
volume/d respectively (45 and 30 kgCOD/m3 sludge bed volume/d respectively), 
i.e. the maximum loading at 30° C was 1,5 times higher than at 25° C. 
6. The maximum loading attainable appears to depend on the rate of increase of 
the load. At 30° C when the loading was increased by apparently too large 
increments or too short time increments the system failed at loadings well below 
the maximum possible. 
7. At 30° C, with incremental load increase sufficiently low (average 0,125 to 0,167 
kgCOD/m3 reactor volume every day), maximum loading of 28 kgCOD/m3 
reactor volume/d was · attained. COD removal appeared to be virtually 
independent of both concentration and hydraulic retention time. At the 
maximum loading of 28 kgCOD/m3 reactor volume/d, at influent COD of 2500 
to 5000 mg/ l, the COD removal was above 90 per cent. At COD loadings below 
the maximum the COD removal was apparently independent of loading. For 
example, at influent COD of 1250 mg/£, the COD removal was 90 per cent up to 
loading of 22 kgCOD/m3 reactor volume/d. 
8. Pelletization of the sludge occurred with the apple juicing waste water and was 
observed in the reactors at both 25 and 30° C. The size of the pellets ranged 
from 5 mm at the bottom of the bed to 0,5 mm at the top;. as the loading 
increased the pellet sizes also increased. 
Product formation: 
The feasibility study showed that pelletization is readily obtainable when treating 
apple juicing waste water. However the study provided information only on effluent 
quality; no information was given as to how the effluent quality was produced in the 
sludge bed. Visual observations of pellet movement in the sludge bed indicated that 
relative movements of the sludge pellets were minimal so that the flow regime in the 
bed was very near plug flow. It was concluded that a detailed study on product 
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formation along the line of flow in the sludge bed should provide information on the 
processes active in the bed. Such a study was undertaken and gave rise to the 
following findings: 
(1) The single UASB system appears to operate as a plug flow system. For the 
carbohydrate-type waste three regions were identified within the sludge bed: 
(i) A lower active zone: In this zone short chain fatty acids (acetic and 
propionic acids) concentrations rose to a maxim um - the bed level 
at which the peaks occurred defined the upper limit of this zone; 
free and saline ammonia (NH 3-N) concentration reduced to a 
minimum and soluble organic nitrogen concentration increased to a 
maximum; the soluble COD reduced to about half its influent value; 
alkalinity and pH declined to minimum values. 
(ii) An upper active zone: In this zone the soluble COD concentration 
reduced to a minimum; the propionic and acetic acid concentrations 
decreased to near zero - the bed level at zero acids concentrations 
defined the upper limit of this zone; NH 3-N concentration remained 
near constant and soluble organic nitrogen decreased to a minimum; 
alkalinity and pH increased to stable values. 
(iii) An upper inactive zone: This zone extended above the upper active 
zone to the top of the bed; no overt biokinetic reactions were 
observed except for pellet breakup, the debris being discharged as 
organic fines into the suspended blanket above the bed. 
(2) In the lower active zone the continuous increase in propionic acid 
concentration indicated that the rate of generation and the rate of utilization 
of hydrogen is such that a high pH 2 is maintained. The lower active zone 
terminated at the bed level here the pH 2 declined to such a low value that 
the acetogens could convert the propionic acid to acetic acid, hydrogen and 
carbon dioxide. This conversion, of the propionic to acetic acid, was 
observed in the upper active zone indicating that it was a low pH 2 zone. 
Throughout the two zones the methanogens converted the acetic acid, and 
hydrogen plus carbon dioxide, to methane. 
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(3) A single UASB system operating at a sludge age of 11 days gave a net 
specific VSS yield of 0,09/mgCOD removed. This yield value was similar to 
that reported for a U ASB system fed with sucrose substrate. The single 
UASB system was then operated as a two-in-series reactor system, a high 
pH2 reactor containing the sludge from the lower active zone operating at a 
sludge age of 2,9 days, and a low pH2 reactor with the balance of the sludge. 
The high pH2 reactor gave a specific yield of 0,42 mgVSS/mgCOD removed; 
a value 14 times· greater than that normally observed for completely mixed 
anaerobic systems; in the low pH2 reactor there was a net reduction in the 
pelletized sludge bed mass due to pellet breakup. 
( 4) The loss in alkalinity between influent and effluent was small. However due 
to the generation of short chain fatty acids principally in the high pH 2 zone, 
the pH in this zone declined significantly and could lead to failure if the pH 
declined to below 6,6. Sufficient buffering capacity had to be provided to 
ensure that the pH did not decline, at any point in the line of flow, to less 
than pH 6,6; 3,2 mg alkalinity as CaC03/mg influent COD was adequate to 
control the minimum pH. Clearly because of the phase separation in the bed 
alkalinity requirements for the UASB systems treating a carbohydrate are 
substantially greater than for completely mixed anaerobic systems. 
(5) High removal of NH 3-N and a concomitant generation of organic nitrogen 
were observed in the high pH2 zone, a situation not observed in normal 
anaerobic fermentation processes. 
Biochemical model 
From the study on product formation, features not observed in -normal anaerobic 
processes were: pelletized sludge production was confined to the high pH2 zone; in 
this zone the specific yield of the pelletized sludge was about 14 times and the 
nitrogen removal 8 to 10 times greater than in completely mixed anaerobic systems, 
also an appreciable concentration of soluble organic nitrogen was generated. It was 
hypothesized that the magnitude of the soluble organic nitrogen generation made 
endogenous/death processes unlikely sources, that most likely the organic nitrogen 
was a product of the growth processes. 
A search of the literature produced information on one anaerobic organism that does 
release organic nitrogen during growth - a methanogen, Methanobacterium strain AZ 
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(M. Strain AZ) 1 now classified as Methanobrevibacter arboriphilus. This species 
utilizes hydrogen as sole energy source and can produce its amino acid requirements 
very effectively with the exception of the sulphur containing amino acid, cysteine -
an external cysteine source is necessary for growth. In a hydrogen rich environment, 
with an adequate supply of NH 3-N and a cysteine limitation, the species secretes 
high concentrations of amino acids ( orgN) to the surrounding medium. These 
characteristics provided a basis for an hypothesis on pellet formation: 
When the M. Strain AZ is surrounded by excess substrate i.e. high H2 partial 
pressure, the ATP/ ADP ratio will be high. Simultaneously the high ATP level 
will stimulate amino acid production and cell growth. 
M. Strain AZ cannot manufacture the essential amino 
synthesis will be limited by the rate of cysteine supply. 
However, because 
acid cysteine, cell 
If free and saline 
ammonia is present in excess there will be an. over-production of the other amino 
acids; the organism reacts to this situation by either releasing these excess 
amino acids to the surrounding medium and/or by linking these in polypeptide 
chains which it stores extracellularly by extrusion from active sites. These 
polypeptide chains bind the species and other organisms into clusters forming a 
separate microbiological environment ..:.. the so-called biopellets. 
Support for the hypothesis was found in the experimental observations on the lower 
active (high pH2) zone, by examining: 
• the COD/VSS and TKN/COD ratio of the pellet; 
• the rate of disappearance of free and saline ammonia, coupled to the rate of 
generation of organic nitrogen; 
• the yield of volatile solids; and 
• the effect of cysteine supplementation on volatile solids yield. 
Using the mass ratio of the three major amino acids released in pure culture studies, 
calculations indicated that the observed TKN /COD and COD /VSS ratios of the 
pellets (0,09 mgN/mgCOD and 1,23 mgCOD/mgVSS respectively) could be satisfied 
only if about 90 per cent of the pellets consisted of polypeptide polymer. 
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Hypothesis verification 
In a UASB system treating a carbohydrate waste water, a high hydrogen partial 
pressure (high pH2) zone develops within the lower active zone, in the breakdown of 
carbohydrates to SCFA by acidogenesis. The high pH 2 (> 10-4,latm) zone extends 
up to the level where the propionic acid concentration reaches a peak. It was in this 
high pH2 zone that pellet growth was observed,, associated with a high generation of 
soluble organic nitrogen, a situation that could be explained by the activity of 
M. Strain AZ. This possibility was supported by the response of the high pH 2 zone 
when the feed was supplemented with cysteine - immediately (within 24h) there was 
a reduction in the specific pellet yield, of about 50 per cent. 
In the literature, presence of a polymer matrix had been observed in the pellets, 
however, its origin(s) was/were not identified; one investigator ascribed its presence 
to polymer present in the influent, incorporated in the pellets by an agglutination 
process. In order to ascertain the origin of the pellet polymer, a non-polymer defined 
carbohydrate substrate - glucose, was selected; excellent pellet formation was 
observed in the U ASB system. 
With glucose as substrate, a detailed enquiry into the biochemical reactions taking 
place in the lower active zone, was initiated (because the biochemical fermentation 
pathways of glucose are well established). A U ASB system consisting of only the 
lower active (high pH 2) zone was set up. From mass balance considerations the 
gross specific yield (organism + polymer) of the hydrogenotrophs was determined to 
be between 0,21 and 0,24 mgVSS/mgCOD (H 2). Limiting the NH 3-N in the influent 
to that required for cell synthesis resulted in a decrease in the overall gross specific 
pellet yield from 0,52 to 0,11 mgVSS/mgCOD removed. No VSS was generated by 
the hydrogenotrophs; this was shown to be so by ·the non uptake of hydrogen 
(energy source) and mass balances; their decreased activity was ascribed to the 
intracellular high ATP/ADP level within the hydrogenotrophs (due to high substrate 
concentration) which the species cannot decrease, through the generation of amino 
acids and polypeptides, when NH 3-N is limiting. 
Criteria for pellet formation and their verification 
From the hypothesis and the study above, conditions necessary for pellet formation 
could be set out: 
• An environment with a high pH 2. 
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• A nitrogen source, in the free and saline ammonia form, which is non-limiting. 
• A limited source of cysteine either from the feed or becoming available from the 
action (e.g. death) of other organisms, and 
• A near neutral pH. 
From the criteria formulated above the following situations were identified under 
which one could expect pelletization or not: 
(1) Pelletization in systems where the substrate yields hydrogen but the 
operation allows regions for high H2 partial pressure build-up, e.g. 
carbohydrates and proteins in plug flow reactors. 
(2) No pelletization in_ systems where the influent substrate does not yield 
hydrogen in the fermentation process, e.g. acetate as sole substrate. 
(3) No pelletization in systems where the substrate yields hydrogen but in order 
to obtain complete conversion, operation requires a low H2 partial pressure, 
e.g. carbohydrates and proteins in completely mixed reactors. 
(4) No or limited pelletization where the substrate can generate a high pH2 but 
the H2 generated is preferentially utilized by other organisms such as 
sulphate-reducers. 
(5) No pelletization in systems where the influent substrate can be broken down 
only under low H2 partial pressure conditions, e.g. propionate and lipids. 
With regard to (1) this study and others demonstrated that pelletization takes place 
in a UASB system with carbohydrate substrates. 
With regard to (2) the literature reports no pelletization in U ASB systems with 
acetate only as substrate. 
With regard to (3) there is no report on pelletization in completely mixed reactors. 
With regard to (4) a study with a UASB system was undertaken with glucose as 
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
10.8 
substrate and sulphate (SO~- ions) were added to the influent feed. Pellet formation 
was reduced markedly. Under normal operating conditions even though the 
fermentation of glucose produces hydrogen sufficiently fast to generate a high pH 2, 
sulphate reducers utilize hydrogen preferentially thereby reducing pH2 and hence 
limiting pelletization. This was supported by the following observations: 
• NH3-N uptake decreased as SO~- concentration increased; NH 3-N uptake 
decreased linearly with so~- removal. 
• COD removal increased linearly with SO~- removal. 
• Short chain fatty acids concentrations, peak acetate and peak propionate 
decreased linearly with SO~- removal. The reduction in peak propionate 
concentration indicated that the pH2 had been reduced so that acetogenesis was 
initiated at a lower level in the bed. 
• Pellet size decreased with increasing influent SO~- concentration from 2-3 mm to 
1-2 mm in diameter. Concomitantly the sludge volume decreased by about 700 
ml, attaining a stable low value at concentrations of 1000 mgSO~-/l and above. 
The data show that at high SO~- concentrations, under high pH2, the utilization 
of H2 by M. Strain AZ tends to a constant fraction of the H2 produced. 
• In the high pH 2 reactor, the VSS yields were 8,3· l0-2 and 1,6· 10-2 mgVSS/mg 
influent COD at trace and excess SO~- concentrations respectively; i.e. the V~S 
yield for at trace SO~- concentration was more than 5 times greater than that at 
excess SO~- concentration. At the same time the NH 3-N uptake decreased from 
86,8 to 58 mgN I l with a concomitant reduction of organic nitrogen from 33,6 to 
4,1 mgN / l at trace and excess SOt concentrations respectively - a further 
indication that polypeptide formation was reduced because of preferential 
abstraction of H2 by the sulfidogens. 
With regard to (5) a UASB system was studied with oleic acid as substrate. 
Pelletization did not take place. This behaviour was confirmed by the lack of 
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distinct zones of behaviour in the sludge bed, low NH 3-N uptake, low generation of 
orgN and production only of acetate. With oleic acid as substrate the sludge bed 
was well defined but of a gelatinous nature. 
pH control 
One aspect that became very clear in the study on UASB system behaviour was its 
high alkalinity requirements with the apple juicing waste water and glucose as 
substrates. To ensure· that the minimum pH, in the pH profile in the sludge bed, did 
not decline below 6,6, alkalinity supplementation of about 1,6 mg alkalinity as 
CaC0 3/mg influent COD was adequate. Whereas there is an alkalinity loss in the 
lower active region, this alkalinity is recovered in the upper 
small alkalinity loss from influent to effluent is observed. 
alkalinity added in the influent is wasted in the effluent. 
zones so that only a 
Thus, in effect the 
The alkalinity requirement for a UASB system is substantial; it may become an 
important fa~tor in operational costs. The alkalinity in the effluent can be recovered 
by instituting a recycle from the effluent to the influent and hence alkalinity 
supplementation to the influent can be reduced. However no detailed information 
was available on the effect of a recycle on the pelletization and performance of a 
UASB system. A study was initiated to determine the effects of recycle on alkalinity 
requirements, maximum loadings and process performance. The_ following findings 
were obtained: 
• The minimum alkalinity supplementation for a carbohydrate waste in a 
flow-through system is about 1,2 mg alkalinity as CaC0 3/mg influent COD. 
• Provided the loading on the system is below the maximum this alkalinity 
requirement can be reduced by imposing a recycle; this reduction can be 
calculated by multiplying the base alkalinity requirement by the factor 
flow/ (flow + recycle flow). 
• Near the maximum loading the recycle reduced the alkalinity requirements but 
SCFA leakage from the sludge bed was observed. Recycling high SCFA 
concentrations in effect induces a higher influent COD loading, increasing the 
loading beyond the maximum and may lead to precipitous failure of the system. 
• At loadings below the maximum imposition of a recycle up to 3:1 did not appear 
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to have adverse effects on· pellet formation. 
• Tentatively the maximum loading a system without recycle can sustain should 
be determined with influent COD between 2000 and 5000 mg/ f. If the waste 
water has a higher influent COD, a recycle should be imposed such that the 
concentration of the combined flow (base + recycle) is within the above range. 
• It is suggested that the actual loading applied should be lower than the peak 
load determined experimentally, by a factor of 0,5. For example with apple 
juicing waste water at 30° C the peak loading was about 45 kgCOD/m3 sludge 
bed volume/d (i.e. 15 kgCOD/m3a reactor volume/d), giving an operating 
loading of~ 22 kgCOD/m3 sludge bed volume/d. Tentatively a minimum sludge 
volume provision in the reactor should be about 0,03 m3/kg COD influent. 
Pellet production always will be sufficient to provide this volume of sludge. 
Kinetic model 
A mathematical model was developed that described the stoichiometry and kinetic 
behaviour of the various processes operating in a U ASE system producing a 
pelletized sludge mass. With glucose as substrate 11 compounds, and 12 processes 
acting on these compounds, were identified. A mechanistic model was 
conceptualized that qualitatively described the kinetic and stoichiometric behaviour 
of the processes and compounds. Finally the process rates, stoichiometry and 
transport relationships were formulated mathematically. Stoichiometric and kinetic 
constants for the biologically mediated processes ( acidogenesis, acetogenesis, and 
methanogenesis from hydrogen and acetate) were obtained either from the literature 
or this study. The constants for only 3 processes had to be found by curve fitting. 
Simulation of the system behaviour at COD loadings below the maximum gave good 
correlation for COD, SCF A, orgN and NH 3-N profiles for the flow-through system. 
For the system. with a recycle the experimental response indicated better 
performance than the simulated response; this appears to be due to pellet debris in 
the recycle, which apparently is biologically active - this aspect was not included in 
the model. 
Future research 
The following areas of enquiry need to be investigated: 
I 
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• The kinetic model needs to take into account the changes in pH and alkalinity 
along the line of flow. Incorporation of these parameters may contribute to 
establishing a theoretical basis for determining the maximum loading a system 
can sustain. In this regard knowledge of the behaviour of the system at or near 
failure is still inadequate. 
• Investigations are required into the treatment of other waste waters such as 
proteinaceous and wine_ distillery waste waters tliat conceptually have the 
potential to produce pelletized sludges. Proteinaceous waste waters will generate 
a high ammonium concentrations which might be inhibitory to the anaerobic 
organisms, and will affect pH behaviour by internal generation of alkalinity due 
to release of NH3 (which forms NH4 in solution). Wine distillery waste waters 
have a complex composition of carbohydrates, proteins and other organic 
materials, and has high COD strengths, 20 000 to 40 000 mgCOD / l. In the past 
treatment of this waste water in U A SB-like system has not been successful in 
South Africa, however with the knowledge acquired in this study there are good 
prospects that successful treatment can be achieved. 
• -The responses in the pelletized sludge bed indicate that the reactions usually are 
complete within, at the most, 80 cm fr m the base of the bed. This raises the 
question as to whether the existing UASB full-scale designs are appropriate. 
• Theoretical and experimental enquiries are needed into U ASB systems treating 
vegetable oils and long chain fatty acids. These substrates do not promote pellet 
formation but do give rise to a sludge bed. Very little is known on the 
conditions required to give optimal performance. 
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APPENDIX A 
CALCULATION OF THE RELATIVE MASSES OF ORGANISMS AND 
POLYPEPTIDE OF PELLETS WITH MEASURED COD/VSS RATIO= 1,23 
Assume 
(i) 
(a) organisms have COD/VSS ratio= 1,42; 
(b) polypeptide is composed of alanine, valine and glutamic acid; the principal 
amino acids released by AI.strain AZ (Zehnder and Wurhmann, 1977). 
The mole ratios are: 
alanine:valine:glutamic = 0,56:0,28:0,16. Hence the mass fractions are: 
alanine:valine:glutamic = 0,47:0,30:0,23 
( c) thl;? COD/VSS ratio of the amino acids are: alanine:l,08, valine:l,64 and 
glutamic:0,98. 
(d) the TKN/COD ratio of the amino acids are: alanine:0,146, valine:0,073 
and glutamic:0,097 
COD /VSS ratio of polypeptide =0,4 7. l,08+0,30. l,64+0,98.0,23 
=1,21' 
(ii) Consider lg sludge to be composed of Xg organisms, and hence 
(1-X)g polypeptide, i.e. 
lg sludge = Xg organisms+(l-X)g polypeptide 
Substituting the COD/VSS values above into Eq (a), 
1,23 = X· 1,42 + (1-X) · 1,21 
and solving for X, 
x = 0,10 
(a) 
i.e. the sludge is composed of approximately 10 per cent by mass of . 
organisms and 90 per cent by mass of polypeptide. 
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Similar calculations for polysaccharide polymer are as follows: 
COD/VSS of polysaccharide = 1,0 
1,23 
x 
= X·l,42+(1-X)·l,O 
= 0,57 
i.e. the sludge is composed of approximately 57 per cent by mass of 
organisms and 43 per cent by mass of polysaccharide. 
(iii) TKN /COD ratio of the sludge comprising organisms and P<?lypeptide: 
TKN/COD or organisms 
TKN /COD of polypeptide 
= 0,086 mgN /mgCOD (McCarty, 1972) 
= 0,47. 0,146+0,30. 0,073+0,23· 0,097 
= 0,113 mgN/mgCOD 
Using the mass fraction of organisms to polypeptide obtained in (ii) above, 
TKN /COD of sludge = 0,90. 0,113+0,10. 0,086 
= 0,11 mgN/mgCOD 1 
COD of amino acids released in the high H2 partial pressure reactor 
Average mmols organic nitrogen released = 8,2/14 
= 0,59 
Component : mmols x COD mass equivalent 
Alanine 
Valine 
Glutamic 
: (0,56. 0,59).96 
: (0,28·0,59)·192 
: (0,16. 0,59) · 144 
. ·. Total COD in the form of free amino acids 
= 31,72 mgCOD/l 
= 31,72 mgCOD/l 
= 13,59 mgCOD/ l 
77,03 mgCOD/l 
: 77,03. 92 
7 087 mgCOD/l 
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B.1 
APPENDIX B 
CALCULATION OF THE COD ASSOCIATED WITH THE 
DISSOLVED ORGANIC NITROGEN MEASURED IN THE LOWER 
-ACTIVE ZONE (HIGH pll2 ZONE) OF A UASB SYSTEM 
Sam-Soon et al. (1987) hypothesized tha the organic nitrogen observed in the UASB 
system treating an apple juice concentrate is due to amino acids released by the 
hydrogenotroph M. Strain AZ. The principal amino acids released by M. Strain AZ 
(Zehnder and Wurhmann, 1977) are: alanine, valine and glutamic acid in the mass 
ratios: alanine:valine:glutamic _ = 0,4 7:0,30:0,23. 
The COD associated with these amino acids is calculated as follows: 
For the 60l/d feed; 
Average mmols organic nitrogen released/£ = 17,7/14 
= 1,26 mmol 
Component mmol x COD mass equivalent 
Alanine 
Valine 
Glutamic 
(0,56 x 1,26) x 96 
(9,28 x 1,26) x 192 
(0,16 x 1,26) x 144 
- 67,74 
= 67,74 
= 20,03 
164,5 
COD in the form of free amino acids : 164,5 mgCOD / l. 
mgCOD/l 
- mgCOD/l 
mgCOD/l 
mgCOD/l 
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C.1 
APPENDIX C 
DETAILS ON THE MATRIX 
1. STOICHIOMETRIC RATIOS 
The stoichiometric relationships in the production of various compounds during 
anaerobic fermentation of glucose are derived below. 
1.1 Glucose to short chain fatty acids 
As mentioned in Chapter 9, as no butyrate was observed in the single UASB system 
under varying loadings, butyrate generation is not considered. 
(i) Under high pH2: 
From Chapter 2, under high pH 2, 1 mole glucose (24 electron equivalents, 
e-,) produces 1 mole propionic acid (14 e-), 1 mole acetic acid (8 e-), 1 mole 
hydrogen (2 e-) and 1 mole carbon dioxide Eq (2.11), Chapter 2. In terms of 
COD units, 1 COD unit of glucose gives: 
8 14 2 1 = 24' HAc + 24 HPr + 24 H2 (C.l) 
The energy derived from catabolism of glucose is used to incorporate YA 
COD units glucose into organism mass i.e. 
YA = (YA) organisms (C.2) 
Adding Eqs 1 and 2 gives: 
. 8 14 2 1 + YA = (YA) orgamsms + 24 HAc + 24 HPr + 24 H2 (C.3) 
Since the rate equations in the matrix (Chapter 9) are expressed in terms of 
rate of organism growth so that the stoichiometric equation is expressed as 
unity with respect to organism mass. Therefore, dividing Eq (C.3) by YA: 
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l+YA 
y A = (1) grganisms + k 
C.2 
1 . 14 y-: HAc + 24 A 
1 2 y-: HPr + 24 · A 
1 y-: H2 
A 
(C.4) 
Eq (C.4) can be interpreted as follows: For every one COD unit of organism 
(1+ y A) 
mass formed y COD units of glucose are utilized, and ~ . 1 COD 
A -''± YA 
·t f t. ·d 14 1 f · · ·d d 2 1 r H um s o ace 1c ac1 , 24 · y-: o prop10mc ac1 an 24 y-: o 2 are A A 
produced. 
Similar derivations are made for other stoichiometric equations below. 
(ii) Under low pH2: 
Under low pH2, 1 mole of glucose produces 2 moles acetic acid and 4 moles 
of hydrogen Eq (2.5), Chapter 2. The energy derived from catabolism is 
used to incorporate glucose into organism mass, i.e. 
1 + YA = (YA) organisms + ~ HAc + k H2 (C.5) 
dividing by YA 
l+Y A 16 1 8 1 y = (1) organisms + 24 · y-: HAc + 24 · y-: H2 A A A 
(C.6) 
Eq ( C.6) gives the stoichiometric relationship between glucose and products 
formed under low pH 2• 
1.2 Conversion of propionic acid to acetic acid 
1 mole of propionic acid is converted to 1 mole acetic acid, 3 moles hydrogen and 1 
mole carbon dioxid~ Eq (2.12), Chapter 2. The energy derived from catabolism of 
propionic acid is used to incorporate YAP units propionic acid into organism mass. 
The equation is 
1 +YAP= (YAP) organisms+ h HAc + h H2 (C.7) 
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C.3 
dividing YAP 
l+Y AP . 8 1 6 1 y = (1) orgamsms + 14 · V:-:: HAc + 14 · ~ H2 AP AP AP (C.8) 
l+Y AP 
i.e. for one unit of acetogenic mass formed, ~v~- units of propionic acid are 
AP 
utilized, and k i AP units acetic acid and h 
produced, all units as COD. 
1.3 Conversion of acetate to methane 
~ units of hydrogen are 
AP 
Conversion of acetate to methane by the acetoclastic methanogens is given by Eq 
(2.14), Chapter 2, i.e. 1 mole acetate generates 1 mole methane 
i.e. 1 = (YMA) organisms+ (1 - YMA) CH
4 
(C.9) 
dividing by Y MA 
1 [ (l - y MA) l v:;-: = (1) organisms + -......y...----
MA MA CH4 
(C.10) 
i.e. for one unit of acetoclastic methanogen mass formed, ~ units acetate are 
MA 
utilized, and (1-Y MA) units methane produced, all units as COD. 
1.4 Conversion of hydrogen to methane 
The conversion of hydrogen to methane by the hydrogenotrophs is given by Eq 
(2.15), Chapter 2. From Chapter 5, it is hypothesized that the energy derived from 
oxidation of hydrogen to methane is used to generate (i) organism mass and (ii) 
polymer mass, i.e. 
1 = (Y MR) organisms + (Y p) polymer + (1 - Y p - Yl\1:H) CH
4 
(C.11) 
dividing by Y MR 
( 
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1 
= (_1) organisms + (~) polymer + [(l-; P - y MH)] 
YMH MH . MH CH4 
(C.12) 
From Eq (C.12) one unit mass of hydrogenotrophic mass is generated from ~ 
MH 
Yp 
units of hydrogen, with the formation of ~ units of polymer mass and 
MH 
(1-Yp -YMH) 
y units of methane, all units as COD. 
MH 
2. MATRIX METHOD FOR MODEL PRESENTATION 
To fully understand the mathematical model presented in Chapter 9, Table 9.1, it is 
useful to gain an insight into the representation and workings of the matrix as 
described briefly below. 
Representation 
The matrix is represented by a number of columns and rows; one column for each 
compound and one row for each process. The symbols for the compounds are listed 
at the head of the appropriate column and the compounds are defined at the bottom 
of the corresponding column. The index "i" is assigned to identify a compound in 
the totality of compounds. 
The processes are itemized one below the other down the left-hand side of the 
matrix. The index • j" is assigned to identify the process. The process rates are 
formulated mathematically and listed down the right-hand side of the matrix, in line 
with the respective process row. These process rates are given the symbol • pj •, 
where j identifies the process. 
Along each process row the stoichiometric coefficient for conversion from one 
compound to another is inserted so that each column -lists the processes that 
influence that compound. The stoichiometric coefficients are given the symbol • v . . • I,J 
where i denotes the index of the compound and j the index of the process. The 
stoichiometric coefficients vij are greatly simplified by working in consistent units; 
in this case concentrations are expressed in COD or nitrogen (N) units. Sign 
convention in the matrix for the stoichiometric coefficients is •negative for 
consumption• and • positive for production". 
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This matrix forms a succinct summary of the complex interactions between 
compounds and processes. The matrix in effect constitutes a fingerprint uniquely 
characterizing the phenomenon. It allows alterations in processes, compounds, 
stoichiometry and kinetics to be readily incorporated. 
The matrix representation method has two main benefits: 
(1) It allows the effect of a particular pro~ess on the compounds to be easily 
determined, as follows: The reader moves along a particular row, i.e. 
process, and multiplies the stoichiometric coefficient (vi) by the process rate 
(P/ This gives the reaction rate (ri) for the particular compound being 
affected by the single process, i.e. , 
r = v .. p . 
lJ u 
(C.13) 
In representing the matrix, by adding up the reaction rates for a particular 
process, a mass balance must be obtained. 
(2) It allows rapid and easy recognition of the fate of each compound, as follows: 
The reader moves down the column representing the compound of interest, 
and multiplies the stoichiometric coefficient (vij) by the process rate (P/ 
The summation of these multiplications gives the overall reaction rate (ri) 
for the compound, i.e. 
r. = ~ v .. P· 
1 j lJ J (C.14) 
Switchlng function 
Under certain conditions the process rate equations are not operative, e.g. propionic 
acid degradation is not operative under high pH 2. Mathematically, switching the 
process rate •on• and "off• can be achieved by multiplying the appropriate rate by a 
• switching• factor, which is zero when the process rate is inoperative, or unity when 
the process rate is operative. The general expression used for the switching function 
' is: 
c (C.15) K + C 
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C:6 
C = concentration of compound effecting the switch 
K = constant. 
This is a Monad-type expression. By selecting very small values for K, the function 
is close to unity when C is present. The function decreases to zero only at very low 
concentrations of C. A Monad-type expression is utilized as it provides continuity 
between the •off• and the "on" situation which helps to eliminate problems of 
numerical instability in computer calculations. 
Matrix solution 
Solution of the matrix can be in time (e.g. plug flow reactor, batch reactor), space 
(e.g. steady state multiple reactor system), or time and space (e.g. multiple reactor 
system with time varying flow). Solution procedures are described briefly below. 
For more detailed procedures the reader is referred to Billing, 1987. 
(1) Solution in time: This solution requires that the initial concentration be 
known whereafter changes in concentration are determined by integrating 
forward in time. Integration forward follows the basic Euler equation or 
equivalent: 
C(t + .6.t) = C(t) + (~·~\ .6.t 
where C 
t 
.6. t 
(~)t 
= compound concentration 
=time 
= step size in integration 
= reaction rate 
(C.16) 
The reaction rate is obtained from the summation down the particular 
compound's column of the multiplication terms vijPj' as described previously. 
Solution in ~ime can be transposed to a solution in space by taking due 
cognizance of the flow rate, e.g. in a flow-through plug flow reactor where 
the flow rate and time step interval in the integration are used to fix the 
displacement along the length of the reactor. 
(2) ~<.?!1.!!~<.?:f!_~:f!-~l?~~~: Solution of the matrix in space requires that the 
transport terms be included. Inclusion of the transport terms and the rate 
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C.7 
equations is facilitated by use of the mass balance equation: 
[ 
Mass rate l 
accum~fation = [Mas~f rate] output + [Mass rate of] production by reaction 
The mass of input and output are the transport terms and depend on the 
physical characteristics of the system being modelled. The mass of 
production for a particular compound is obtained from the matrix. Taking 
an example, in symbols, for completely mixed reactor: 
where V 
Qin 
Qout 
c. 
1Il 
cout 
dCout 
dt 
r. 
1 
= Q. C. - Q C - r. V in in out out i 
=Volume 
= Flow rate in 
= Flow rate out 
. = Concentration of compound in flow 
(C.17) 
= Concentration of compound in outflow (i.e. reactor 
concentration for completely mixed reactor) 
= rate of change of reactor concentration of compound C 
= ~ v .. p., obtained from the matrix (see Eq C.14). 
. IJ J J 
dC 
Dividing by V and recognizing that at steady state d~t = 0 
Mass balance equations are derived for each compound in every reactor 
(including the settler). This yields a set of simultaneous non-linear 
equations for each reactor which then may be solved to give values for all 
the compounds. As the equations are non-linear repetitive techniques must 
be employed in the solution. 
(3) ~<.?!~!!<.?1!_!1!_!!1!1~-~1!~-~l?~~~: This solution is confined to the situation of 
single or multiple reactors under repetitive diurnal flows. Again mass 
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C.8 
dCout 
balances are set up but, unlike the steady state system, ( at ) no longer 
equal ~ero. Initial concentration values are selected and the mass balance 
equations are integrated forward until the solution is reached; this is 
achieved when the concentration of all compounds in each reactor at the 
start and at the end of the diurnal cycle are equal. 
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·APPENDIX D 
EXPERIMENTAL RESULTS : UASB CONCENTRATION PROFILES 
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Table Dl Experimental results with Glucose substrate, 
(flow rate 151/d) 
Smpl: COD I TKN NH3-N OrgN pH HAc HPr ALK 
Port: f il mg/l 
Num.: mg/l mg/l mg/l mg/l mg/l mg/l CaCo3 
0 5079 133.3 133.3 0 8.11 0 0 6100 
1 2150 80 51. 2 28.8 6.76 361 528 4995 
2 881 67.7 51. 2 16.5 7.11 56 50 5587 
3 512 67.5 51. 2 16.3 7.13 20 37 5727 
4 594 67.5 51. 2 16.3 7.11 20 37 5729 
5 606 64.4 51 13.4 7.11 20 37 5668 
6 614 64.1 51. 2 12.9 7.12 20 37 5694 
7 500 61. 9 51. 2 10.7 7.13 20 37 5734 
8 627 66.6 51. 5 15.1 7.12 20 37 5734 
9 553 62.7 51. 2 11. 5 7.13 20 37 5703 
10 565 64 .1 51. 2 12.9 7.1 20 37 5703 
11 594 62.7 50.4 12.3 7.12 20 37 5703 
12 618 69 .4 52.6 16.8 7.12 20 37 5737 
13 496 56 49 7 8.25 20 37 5761 
---------------------------------------------------------------
Table 02 Experimental results with Glucose substrate, 
(flow rate 301/d) 
Smpl COD TKN NH3-N OrgN pH HAc HPr I ALK I 
Port f il I mg/l I 
Num. mg/l mg/l mg/l mg/l mg/l mg/l :caCo3 
0 2792 65.8 65.8 0 8.12 0 0 3021 
1 1303 57.4 26.3 31.1 6.6 111 111 2648 
2 827 56.8 29.4 27.4 6.78 56 56 2775 
3 643 58.8 30.8 28 6.81 22 17 2845 
4 513 58.8 33.9 24.9 6.86 22 17 2958. 
5 496 56.6 33.6 23 6.88 20 17 2970 
6 472 54 34.4 19.6 6.89 20 17 2970 
7 447 54 33.9 20.1 6.88 20 17 2970 
8 443 45.6 34.2 11.4 6.88 20 17 2970 
9 451 53.8 34.4 19.4 6.87 20 17 2970 
10 409 42.3 33.6 8.7 6.89 20 17 2970 
11 414 52.6 34.4 18.2 6.91 20 17 2987 
12 203 39.2 32.8 6.4 6.95 20 17 2970 
13 273 42.8 34.7 8.1 8.18 20 17 2970 
---------------------------------------------------------------
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Table 03 Experimental results with Glucose substrate, (flow rate 451/d) 
Smpl: COD TKN NH3-N OrgN pH HAc HPr I ALK I Port' f il I mg/l I Num. mg/l mg/l mg/l mg/l mg/l mg/l : CaCo3 
0 2712 66.6 66.6 0 8.11 0 0 3025 
1 1984 77.3 38.6 38.7 6.67 328 183 2424 
2 1437 68.6 31. 6 37 6.7 250 139 2'476 
3 1174 58.8 30.5 28.3 6.72 228 111 2582 
4 947 63 30.5 32.5 6.84 139 55 2623 
5 595 60.5 30.5 30 6.91 46 19 I 2819 
6 486 58 30.5 27.5 I 6.91 37 0 2819 
7 473 56.3 30.5 25.8 6.94 37 0 2823 
8 461 53.5 30.5 23 6.94 37 0 2815 
9 457 54.6 30.5 24.1 6.96 37 0 2815 
10 397 52.8 30.5 22.3 6.98 37 0 2815 
11 376 47.6 32.2 15.4 6.98 37 0 2819 
12 229 50.1 34.4 15.7 7 37 0 2819 
13 210 42.6 32.5 10.1 7.3 37 0 2843 
---------------------------------------------------------------
Table 04 Experimental results with Glucose substrate, 
(flow rate 451/d) 
Smpl: COD TKN NH3-N: OrgN pH HAc HPr ALK 
Port: f il mg/l 
Num.: mg/l mg/l mg/l mg/l mg/l mg/l CaCo3 
0 I 5345 141. 7 141. 7 0 7.75 0 0 6225 
1 3652 87.1 56.3 30.8 6.59 1111 1144 3930 
2 2101 86.8 51. 8 35 6.89 667 883 4667 
3 1632 80.4 51. 2 29.2 6.99 189 411 5384 
4 734 79.5 50.1 29.4 7.14 57 47 5741 
5 669 79.2 50.1 29.1 7.15 57 47 5730 
6 526 73.9 50.1 23.8 7.15 57 47 5716 
7 469 73.9 50.1 23.8 7.15 57 47 5738 
8 469 71. 7 50.1 21.6 7.16 57 47 5714 
9 461 60.2 48.7 11. 5 7.1 57 47 5726 
10 457 66.6 47 19.6 7.13 57 47 5733 
11 539 74.2 49.8 24.4 7.15 57 47 5728 
12 501 61. 7 49.8 11. 9 7.2 57 47 5726 
13 457 63.3 50.1 13.2 7.66 57 47 5726' 
---------------------------------------------------------------
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Table 05 Experimental results with Glucose and S04, 
(flow rate 151/d) 
Smpl: COD TKN NH3-N: OrgN pH HAc HPr S04 
Port: f il 
Num.: mg/l mg/l mg/l mg/l mg/l mg/l mg/l 
Feed 5910 145.6 145.6 0 8.33 0 0 100 
1 2931 124.6 58.8 65.8 6.62 867 833 8 
2 1231 106.4 53.2 53.2 7.28 333 256 10 
3 554 103.6 64.4 39.2 7.44 56 32 10 
4 513 88.2 61. 6 26.6 7.36 20 11 10 
5 443 87.1 63.6 23.5 7.35 0 0 10 I 
6 410 74.5 60.2 14.3 7.32 0 I 0 10 
7 394 82.9 59.9 23 7.32 0 0 9 
8 361 82.6 60.2 22.4 7.32 0 0 9 
9 431 84 60.2 23.8 7.31 0 0 9 
10 304 74.8 59.1 15.7 7.32 0 0 9 
11 406 74.8 58.8 16 7.33 0 0 9 
12 406 74.6 58.8 15.8 7.32 0 0 9 
13 259 74.8 58.8 16 7.91 0 0 9 
---------------------------------------------------------------
Table 06 Experimental results with Glucose and S04, 
(flow rate 151/d) 
Smpl: COD TKN NH3-N: OrgN pH HAc HPr S04--: 
Port: f il 
Num.: mg/l mg/l mg/l mg/l mg/l mg/l mg/l 
Feed 5202 142.8 142.8 0 8.33 0 0 192 
1 2188 98.8 83 33.8 6.89 955 777 12 
2 836 64.7 57.1 17.6 7.19 120 78 12 
3 545 66.1 55.3 10.8 7.3 29 16 10 
4 504 73.9 53.4 20.5 7.3 0 0 12 
5 453 67.4 51. 2 16.2 7.35 0 0 12 
6 397 64.1 51. 2 12.9 7.3 0 0 12 
7 270 69.4 I 51. 2 18.2 7.32 I 0 0 12 
8 162. 68.6 51. 2 17.4 7.32 0 0 12 
9 147 70 52.6 17.4 7.31 0 0 12 
10 274 63.6 51. 2 12.4 I 7.3 0 0 12 I. 
11 201 63 51. 8 11. 2 I 7.32 0 0 12 I 
12 360 62.3 49.8 .1 12.5 7.37 0 0 12 I 
13 205 59.9 49.8 10.1 8.08 0 0 12 
---------------------------------------------------------------
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Table D7 •' Experimental results with Glucose and 504, (flow rate 151/d) 
5mpl: COD TKN NH3-N OrgN pH HAc HPr 504--: 
Port' f il I I 
Num. mg/l mg/l I mg/l mg/l mg/l mg/l mg/l I 
I I 
I I 
Feed 5356 :142.8 :142.8 0 8.33 0 0 400 I 
1 2003 :102.2 68.1 33.1 6.73 578 444 21 
2 885 93.8 64.2 29.6 7.28 71 44 20 
3 626 95.2 67.2 28 I 7.32 17 8 10 
4 605 84.6 63.3 21. 3 7.35 0 0 10 
5 540 89.6 63.3 26.3 7.47 0 0 10 
6 356 76.6 63 13.6 7.36 0 0 10 
7 330 73.4 61. 9 I 11. 5 7.36 0 0 10 
8 322 74.5 60.2 14. 3 7.37 0 0 10 
9 289 74.8 57.4 17.4 7.41 0 0 10 
10 314 75.3 58.2 17.1 7.35 0 0 10 
11 314 77 59.6 17.4 7.37 0 0 10 
12 236 70 56.3 13.7 7.4 0 0 10 
13 322 79.8 63 16.8 8.14 0 0 10 
---------------------------------------------------------------
Table DB Experimental results with Glucose and 504, 
(flow rate 151/d) 
5mpl COD TKN NH3-N OrgN pH HAc HPr l504--
Port f il 
Num. mg/l mg/l mg/l mg/l mg/l mg/l mg/l 
Feed 5531 143.3 143.3 0 8.34 0 0 1000 
1 2076 111. 2 77.8 33.4 6.81 231 371 410 
2 1213 79.8 65.9 13.9 7.26 11 44 418 
3 555 88.5 65.8 22.7 7.37 0 0 410 
4 536 88.2 67.2 21 7.38 0 0 410 
5 546 84.5 70 14. 5 7.42 0 0 410 
6 533 89 .4 66.1 23.3 7.43 0 0 410 
7 500 82.9 70.9 12 7.47 0 0 410 
8 540 85.4 70.9 14.5 7.42 0 0 410 
9 533 88.2 70 18.2 7.43 0 0 410 
10 533 87.9 70 17.9 7.42 0 0 410 
11 533 84.3 70 14.3 7.46 0 0 410 
12 480 85.2 70 15.2 7.47 0 0 410 
13 421 82.9 66.6 16.3 8.39 0 0 410 
---------------------------------------------------------------
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Table D9 Experimental results with Glucose and ·so4, 
(flow rate 151/d) 
Smpl: COD TKN NH3-N: OrgN pH HAc HPr 504--
Port' f il 
Num. mg/l mg/l I mg/l mg/l mg/l mg/l mg/l I 
I 
I 
Feed 5457 148.2 :148.2 0 8.33 0 0 3000 
1 1885 113.8 82.6 31. 2 6.81 244 356 2380 
2 456 98.6 77.8 20.8 7.2 22 38 2305 
3 423 96.9 78.6 18.3 7.32 22 38 2295 
4 489 91. 8 78.9 12.9 7.38 0 0 2345 
5 519 94.6 78.6 16 7.33 0 0 2350 
6 517 89 78.6 10.4 7.34 0 0 2350 
7 501 89 78.6 10.4 7.36 0 0 2350 
8 517 85.4 78 7.4 7.34 0 0 2350 
9 603 85.1 78.6 6.5 7.32 0 0 2350 
10 558 79.8 78.6 1. 2 7.34 0 0 2350 
11 505 79.8 76.4 3.4 7.34 0 0 2350 
12 575 81.4 78.6 2.8 7.4 0 0 2350 
13 493 79.8 78.9 0.9 8.25 0 0 2350 
---------------------------------------------------------------
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Table Dll Experimental results with Apple cone. substrate, 
(flow rate 301/d, recycle ratio 0) 
I Smpl: COD TKN NH3-N OrgN pH HAc HPr ALK 
Port: f il mg/l 
Num. mg/l mg/l mg/l mg/l mg/1 mg/l CaCo3 
0 2872 75.6 72 3.6 7.78 44 11 3948 
1 1472 56.8 33.6 23.2 6.71 353 389 3201 
2 736 45.4 28.8 16.6 6.91 72 172 3616 
3 511 51. 2 22.7 28.5 6.96 47 50 3708 
4 450 49.3 23 25.5 6.98 11 9 3769 
5 417 51. 5 28.3 23.2 7 0 0 3884 
6 401 51. 5 28.3 23.2 7.06 0 0 3884 
7 325 50.4 28.3 22.1· 7.1 0 0 3864 
8 206 40 28.3 11. 7 7.06 0 0 3867 
9 166 38.9 28.3 10.6 7.07 0 0 3825 
10 170 38.4 28.3 10.1 7.07 0 0 3825 
11 190 35 28.3 6.7 7.08 0 0 3854 
12 149 35 28.6 6.4 7.11 0 0 3854 
13 117 35 28.6 6.4 7.67 0 0 3854 
---------------------------------------------------------------
Table D12 Experimental results with Apple cone. substrate, 
(flow rate : 301/d, recycle ratio : 1: 1) 
Smpl: COD TKN NH3-N 1 OrgN pH HAc HPr I ALK I 
Port: f il I mg/l I 
Num.: mg/l mg/l mg/l mg/l mg/l mg/l lCaCo3 
0 2848 74.8 69.4 5.4 7.95 44 11 4156 
1 557 44.8 28.6 16.2 7.01 72 100 3988. 
2 516 45.4 28 17.4 6.99 64 89 4002 
3 372 43.1 28 15.1 7.08 33 77 4113 
4 285 37.8 21. 8 16 7.2 11 12 3999 
5 293 34.7 17.9 16.8 7 .14 0 0 4080 
6 219 25.2 17.4 7.8 7.08 0 0 4010 
7 128 22.7 17.4 5.3 7.09 0 0 4000 
8 107 21. 8 14. 6 7.2 7.07 0 0 4000 I I 
9 116 23.2 14.3 8.9 7.08 0 0 3984 ·: 
10 107 17.6 16.2 1.4 7.11 0 0 3960 
11 99 19.6 13 6.6 7.11 0 0 3975 
12 124 24.4 18.5 5.9 7.17 0 0 3984 
13 74 24.4 18.5 5.9 7.45 0 0 3984 
---------------------------------------------------------------
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Table 013 Experimental results with Apple cone. substrate, 
(flow rate : 301/d, recycle ratio : 1:1) 
Smpl l COD TKN NH3-N OrgN pH HAc HPr ALK 
Port: f il mg/l 
Num.: mg/l mg/l mg/l mg/l mg/l mg/l CaCo3 
0 4223 74.8 69.4 5.4 7.97 41 50 4041 
1 2162 35.6 25.5 10.1 6.64 433 533 3080 
2 1306 24.6 10.4 14.2 6.86 206 328 3360 
3 551 I 20.7 5.6 15.1 7.05 89 210 3567 
4 310 21 4.8 16.2 7.08 28 39 3701 
5 269 17.4 4.8 12.6 7.1 14 11 3731 
6 139 10.9 4.8 6.1 7.1 11 0 3845 
7 143 10.4 4.8 I 5.6 7.12 11 0 3825 
8 163 10.4 4.8 5.6 7.13 11 0 3845 
9 155 10.6 4.8 5.8 7.13 11 0 3845 
10 167 10.8 4.8 6 7.13 11 0 3833 
11 135 10.1 4.8 5.3 7.16 11 0 3887 
12 147 9 4.8 4.2 7.19 11 0 3904 
13 114 10.2 4.8 5.4 7.75 11 0 3866 
------------------~--------------------------------------------
Table 014 Experimental results with Apple cone. substrate, 
(flow rate : 151/d, recycle ratio : 1:1) 
I Smpll COD TKN I NH3-Nl OrgN pH HAc HPr ALK 
Port: f il mg/l 
Num.: mg/l mg/l mg/l mg/l mg/l mg/l CaCo3 
0 5481 130.5 130.5 0 7.71 11 30 3884 
1 882 71.4 64.1 7.3 6.81 37 167 3358 
2 903 73.1 64.1 9 6.77 54 179 3386 
3 695 68.6 60.5 8.1 6.84 50 132 3479 
4 675 68.6 59.1 9.5 6.85 32 112 3505 
5 330 59.6 49.3 10.3 7.02 0 0 3609 
6 143 56.3 48.2 8.1 7.09 0 0 3609 
7 133 56.3 48.2 8.1 I 7.1 0 0 3609 
8 116 56.3 48.2 8.1 7.08 0 0 3609 
9 116 56.3 48.2 8.1 7.08 0 0 3609 
10 133 63 48.2 14.8 7.07 0 0 3609 
11 116 56.3 48.2 8.1 7.08 0 0 3609 
12 129 56.3 49.3 7 7.04 0 0 3609 
13 133 56.3 49.6 6.7 7.61 0 0 3609 
---------------------------------------------------------------
Un
ive
rsi
ty 
of 
Ca
pe
 To
wn
 
D.9 
Table 015 Experimental results with Apple cone. substrate, 
(flow rate 151/d, recycle ratio 2:1) 
Smpl COD TKN NH3-N: OrgN pH HAc HPr I ALK I 
Port f il I mg/l 1· I I 
Num. mg/l mg/l mg/l mg/l mg/l mg/l :caCo3 
0 5792 146.7 145 1. 7 7.76 16 10 3934 
1 664 53.2 43.7 9.5 6.82 107 111 3275 
2 428 49.8 38.1 11. 7 6.84 59 66 3355 
3 291 46.2 36.2 10 6.85 23 17 3449 
4 220 44.2 33.3 10.9 6.85 16 10 3522 
5 199 41.4 33 8.4 6.93 16 10 3528 
6 170 35.6 28.8 6.8 6.98 16 10 3580 
7 I 193 35.6 28.8 6.8 6.99 16 10 3580 
8 152 38.9 32.5 6.4 7.01 16 10 3580 
9 197 36.1 28.8 7.3 7.01 16 10 3580 
10 160 33.6 28.8 4.8 7.01 16 10 3580 
11 193 34.2 28.8 5.4 6.97 16 10 3580 
12 172 34.7 28.8 5.9 7.04 16 10 3580 
13 152 31 28.8 2.2 7.75 16 10 3580 
---------------------------------------------------------------
Table 016 Experimental results with Apple cone. substrate, 
(flow rate : 151/d, recycle ratio 2:1) 
Smpl COD TKN NH3-N OrgN pH HAc HPr I ALK I 
Port f il mg/l 
Num. mg/l mg/l mg/l mg/l mg/l mg/l CaCo3 
0 8520 204.4 204.4 0 7.65 0 0 3854 
1 1106 70 63.3 6.7 6.82 54 111 3328 
2 765 62.2 55.2 7 6.82 37 86 3229 
3 606 64.4 54 10.4 6.82 28 66 3396 
4 447 62.2 51 11. 2 6.87 28 37 3340 
5 397 62.4 51 11.4 6.92 28 37 3423 
6 426 45.9 36 .4 9.5 6.93 28 37 3293 
7 385 48.4 36.4 12 6.93 28 37 3377 
8 434 46.8 36.4 10.4 6.93 28 37 3332 
9 414 44.2 35.8 8.4 6.93 28 37 3423 
10 418 45.6 34.4 11.2 6.98 28 37 3412 
11 356 42.6 33.3 9.3 7 28 37 3376 
12 430 43.7 34.2 9.5 7 28 37 3382 
13 343 48.2 45.4 2.8 7.75 28 37 3427 
---------------------------------------------------------------
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Table D17 Experimental results with·Apple cone. substrate, 
(flow rate 151/d, recycle ratio : 3:1) 
Smpl: COD TKN NH3-N OrgN pH HAc HPr ALK 
Port: f il mg/l 
Num.: mg/l mg/l mg/l mg/l mg/l mg/l CaCo3 
0 8438 198.8 191. 8 7 7.65 0 0 3854 
1 1413 82.3 52.9 29.4 6.71 156 167 3184 
2 1352 77.6 46.5 31.1 6.71 156 167 3177 
3 922 59.6 43.7 15.9 6.75 111 111 3334 
4 754 65.5 41. 7 23.8 6.81 66 86 3405 
5 692 60.5 36.7 23.8 6.84 50 72 3364 
6 791 53.5 36.4 17.1 6.88 50 72 I 3388 I 
7 631 45.4 36.7 8.7 6.88 50 72 3419 
8 680 47.3 36.7 10.6 6.88 50 72 3422 
9 672 45 .4 36.4 9 6.88 50 72 3381 
10 672 45.6 36.4 9.2 6.88 50 72 3370 
11 692 45.6 36.4 9.2 6.89 50 72 3394 
12 741 45.6 36.4 9.2 6.93 50 72 3370 
13 659 46.8 36.4 10.4 7.63 50 72 3334 
---------------------------------------------------------------
Table D18 Experimental results with Apple cone~ substrate, 
(flow rate : 151/d, recycle ratio : 0 ) 
Smpl COD TKN NH3-N OrgN pH HAc HPr I ALK I 
Port f il I I mg/l I I 
Num. mg/l mg/l I mg/l mg/l mg/l mg/l : CaCo3 I 
I I 
I I 
0 8397 280 I 280 0 8.01 0 0 :10230 I 
1 5571 142.8 :134.4 8.4 6.74 1389 1722 I 7337 
·2 3083 '145.6 I 126 19.6 7.19 900 800 8369 I 
3 1720 126 :116.2 9.8 7.35 478 322 9016 
4 1186 155.4 :116.2 39.2 7.46 228 122 9381 
5 963 149.8 114.8 35 7.5 100 61 9512 
6 932 156.8 119 37.8 7.57 100 61 9562 
7 891 158.2 116.2 42 7.61 ' 100 61 9514 
8 788 156.8 114.8 42 7. 6, 100 61 9570 
9 788 155.4 116.2 39.2 7. 56' 100 61 9505 
10 850 163.8 113.4 29.4 7.57 100 61 9517 
11 850 144.2 ,114.8 29 .4 7.64 100 61 9520 
12 800 143.7 :114.2 29.5 7.62 100 81 9504 
13 707 141.4 :116.2 25.2 8.42 100 61 9508 
---------------------------------------------------------------
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Table 019 Experimental results with Oleic acid substrate, 
(flow rate : 151/d) 
Smpl: COD TKN NH3-Nl OrgN pH HAc HPr 
Port f il 
Num. mg/l mg/l mg/l mg/l mg/l mg/l 
0 2518 68.6 68.6 0 7.38 0 0 
1 1878 70.5 67.2 3.3 7.35 47 0 
2 1088 67.2 63.7 3.5 7.37 42 0 
3 918 66.5 64.4 2.1 7.37 36 0 
4 933 67.2 63.7 3.5 7.35 11 0 
5 984 66.5 63.7 2.8 7.35 13 0 
6 937 64.4 63.8 0.6 7.42 I 11 0 
7 917 65.7 I 63.8 1. 9 7.42 13 0 
8 937 65.1 63 .4 1. 7 7.41 13 o· 
9 928 64.6 63.4 1. 2 7.41 13 0 
10 934 64.5 63 .4 1.1 7.41 13 0 
11 952 64.4 63.4 1 7.41 13 0 
12 972 66.3 63 .4 2.9 7.4 13 0 
13 937 65.3 63 .4 1. 9 7.99 13 0 
--------------------------------------------------------
